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Fig. 3. (A) Optical micrograph of the mi-

entire array. It is activated with its valves deflected upward into the control layer to trap the
pressurized liquid in the entire vertical containment valve array. A single column is then selected by the multiplexor, and the pressure on
the vertical containment valve is released to
open the specified column, allowing it to be
rapidly purged by pressurized liquid in a selected row.
To demonstrate the functionality of the microfluidic memory storage device, we loaded

the central memory storage chambers of each
row with dye (2.4 mM bromophenol blue in
sodium citrate buffer, pH 7.2) and proceeded to
purge individual chambers with water to spell
out “C I T”. Because the readout is optical, this
memory device also essentially functions as a
fluidic display monitor (Fig. 2C). A key advantage of the plumbing display is that once the
picture is set, the device consumes very little
power.
We designed a second device containing
2056 microvalves (Fig. 3A), which is capable
of performing more complex fluidic manipulations. In this case, two different reagents can be
separately loaded, mixed pairwise, and selectively recovered, making it possible to perform
distinct assays in 256 subnanoliter reaction
chambers and then recover a particularly interesting reagent. The microchannel layout consists of four central columns in the flow layer
consisting of 64 chambers per column, with
each chamber containing !750 pl of liquid
after compartmentalization and mixing. Liquid
is loaded into these columns through two separate inputs under low external pressure (!20
kPa), filling up the array in a serpentine fashion.
Barrier valves on the control layer function to
isolate the sample fluids from each other and
from channel networks on the flow layer used
to recover the contents of each individual chamber. These networks function under the control
of a multiplexor and several other control
valves (13). The elastomeric valves are analogous to electronic switches, serving as highimpedance barriers for fluidic trafficking. To
demonstrate the device plumbing, we filled the
fluid input lines with two dyes to illustrate the
process of loading, compartmentalization, mixing, and purging of the contents of a single
chamber within a column (Fig. 3B). Each of the
256 chambers on the chip can be individually
addressed and its respective contents recovered
for future analysis using only 18 connections to
the outside world, illustrating the integrated
nature of the microfluidic circuit.
We used this chip as a microfluidic comparator to test for the expression of a particular
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REPORTS
trafficking; it directs the fluid responsible for
purging individual compartments within a row
and refreshes the central compartments (memory elements) within a row, analogous to a
RAM word line. The column multiplexor acts
in a fundamentally different manner, controlling the vertical input-output valves for specific
central compartments in each row. The column
multiplexor, located on the flow layer, begins to
operate when the vertical containment valve on
the control layer is pressurized to close off the

Benefits of Microfluidics


Economy of Scales



Volume reductions by several orders of magnitude over benchtop experiments
Extreme cost reduction for biological experiments









Thousands of complex experiments can be performed in parallel
Next generation multiwell plates
Integration with solid state optics, MEMS, and NEMS detectors

Automation




Rare samples (stem cells) can be studied in more detail

Integration




ITT costs 25 CHF/rxn, on a fluidic device the cost is 0.005 CHF/rxn

All steps can be fully automated, reducing labor costs
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Device Fabrication: Soft Lithography

Rapid Prototyping using PDMS!
D.C. Duffy, J.C. McDonald, O.J.A. Schueller, G.M. Whitesides, Anal. Chem., 70 (1998).

Process Overview
• Design device in a CAD program	

• Write masks (DWL200, Laser printer)	

• Coat wafer with photoresist	

• Place mask on wafer and expose to light	

• Develop wafer (now called a mold)	

• Fabricate PDMS devices from mold

Photolithography
Silicon Wafer

Patterned Wafers

Photolithography Masks

Photolithography Equipment
DWL200	

Laser Lithography System
Spin Coater

MA6	

Mask Aligner
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Microfluidics
Microfluidic 	

Large-Scale Integration

Electronic 	

Large-Scale Integration

Highly-integrated devices containing
thousands of micro-mechanical valves (the
microfluidic analog to the transistor)

Soft Lithography

1st Micromechanical Valve!
M. A. Unger, H. P. Chou, T. Thorsen, A. Scherer, S. R. Quake!
Science 288, 113 (2000).
Rapid Prototyping using PDMS!
D.C. Duffy, J.C. McDonald, O.J.A. Schueller, G.M. Whitesides, Anal. Chem., 70 (1998).

Confidential

View Online

Complex Microfluidics
The Core contains 114
individually addressable
valves.
Completely software
reconfigurable architecture!

ofluidic platform. (a) Photograph of the PMD outlining its constitutive modules. A channel network (blue) sits at

What is measured and how?
Protein / Small Molecule

DNA / RNA

Immunoassay!
Enzymatic!
Mass Spectrometry!
Chemical

PCR!
Sequencing!
Hybridization

Optical!
Electrical!
Mechanical

Samples…

Samples…
Tears!
Cerebrospinal Fluid!
Nasal Swab!
Saliva!
Breast Milk!
Sputum!
Amniotic Fluid
Mouth Swab!
Blood!
Lymph

Semen
Urine!
Feces

Luminex Technology

Multiplexed Detection

LETTERS
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Figure 1 Design of an integrated blood barcode chip (IBBC). (a) Scheme depicting plasma separation
from a finger prick of blood by harnessing the Zweifach-Fung effect. Multiple DNA-encoded antibody
barcode arrays are patterned within the plasma-skimming channels for in situ protein measurements.
(b) DEAL barcode arrays patterned in plasma channels for in situ protein measurement. A, B, C
indicate different DNA codes. (1)–(5) denote DNA-antibody conjugate, plasma protein, biotin-labeled
detection antibody, streptavidin-Cy5 fluorescence probe and complementary DNA-Cy3 reference probe,
respectively. The inset represents a barcode of protein biomarkers, which is read out using fluorescence
detection. The green bar represents an alignment marker.
Fan, R. et al. Integrated barcode chips for rapid, multiplexed analysis of proteins in microliter quantities of blood. Nat Biotechnol 26, 1373–1378 (2008).
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of oligomer A (designed for hCG detection and flow patterned at
ssDNA concentrations that were varied from 200 mM to 2 mM). To
perform the assay, we flowed a mixture of A¢-anti-hCG and B¢-TNF-a
through assay channels. Next, a series of standard hCG serum samples
and two hCG samples of unknown concentration were flowed through
separate assay channels. Biotinylated detection antibodies for hCG and
TNF-a were then applied, followed by a final developing step using
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finger prick, on-chip plasma separation yields only a few hundred
nanoliters of plasma. The ssDNA barcodes were patterned at a high
density using microchannel-guided flow patterning (Supplementary
Fig. 3 online) to measure a large panel of protein biomarkers from this
small volume. We used a PDMS mold that was thermally bonded onto
a polyamine-coated glass slide to pattern the entire ssDNA barcode.
Polyaminated surfaces permit substantially higher DNA loading than

hCG concentration (mIU/ml)

Figure 2 Measurement of human chorionic gonadotropin (hCG) in sera. (a) Fluorescence images of DEAL barcodes showing the measurement of a series of
standard serum samples spiked with hCG. The bars used to measure hCG were patterned with DNA strand A at different concentrations. TNF-a encoded by
strand B was employed as a negative control. The green bars (strand M) serve as references. (b) Quantification of the full barcodes for three selected
samples. (c) Mean values of fluorescence signals corresponding to three sets of bars with different DNA loadings. Broken lines indicate the typical
physiological levels of hCG in sera after 1 or 10 weeks of pregnancy. Error bars, 1 s.d.
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High-throughput Biomarker
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Programming Microfluidic
Devices

Use a std. DNA microarrayer
to solve the world-to-chip
interface problem!

MITOMI

High-Content Diagnostics
Reagents

“Calibrators”
Protein Standards
Biobanks
Clinical trials
Hospital/Clinical labs
Blood serum samples

1. Sample collection

2. Sample spotting &
slide storage

4. Data analysis

3. Device alignment &
microfluidic-based assay

2

• Total cost of reagents per assay = € 0.0001	

• Total cost per chip (reagents) = € 0.1
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egrative Biology

when used in combination with CpGs, Gardiquimod or Pam2CSK4.
Importantly, the CpGs, Gardiquimod, and Pam2CSK4 agonize
TRL-9, -7 and -2/6, respectively (Fig. 2a), which exclusively use
the adaptor molecule MyD88 to initiate signaling events and
induce cytokine secretion, whereas LPS, MPLA (TLR-4 agonists)
and polyI:C (TLR-3 agonist) initiate signaling events that are
Paper
partly or completely dependent on the adaptor molecule TRIF.
Our results support previous hypotheses suggesting that
synergy between TLRs might be derived from the activation of
both MyD88 and TRIF signaling pathways.20,28
Fewer and weaker synergistic events were observed for TNFa
secretion by DCs (Fig. 2f) when compared to IL-6 secretion.
However, the observed synergy between TLR agonists follows
similar trends for both IL-6 and TNFa: the strongest eﬀects
were observed for TRIF-dependent polyI:C activation of TLR-3
in combination with MyD88-dependent TLR-7 or TLR-2/6 activation
by Gardiquimod and Pam2CSK4, respectively.
As mentioned above, IL-12 was generally not secreted by DCs
activated with only one TLR agonist at the concentrations

Large-Scale Adjuvant Screening
•
•

10,000+ measurements	


•

4 cytokines measured for
each combination

405 binary adjuvant
combinations	


Fig. 3 Multiplexed protein measurement of in vitro adjuvant binary combinations.
Gardiquimod (a–c) and of MPLA with CpG-B (d–f). A heat map in each panel shows c
2 Large-scale vaccine adjuvant screening results. (a) 10 diﬀerent adjuvants that activate diﬀerent Toll-like receptors in dendritic cells were selected for this study.
adjuvants signal through two diﬀerent pathways, IRF3 and NFkB, to induce cytokine production. The TLRs may be divided into two families, ones that signal
in addition to individual measurements of single adjuvant stimulation. The accompan
ncipally through the adapter molecule TRIF (among those tested, TLR-3 and TLR-4) or MyD88 (TLR-2/1, TLR-2/6, TLR-4, TLR-7 and TLR-9). (b–i) Heatmapsmap
and (white arrow) and include a bar for the expected (Exp) additive response of th

ergistic and inhibitory network graphs for IL-6 (b, e, h), TNFa (c, f, i), and IL-12 (d and g). Lines connecting adjuvants in the network graphs are colored according to
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• 384 biomarkers per device	

• 4 samples	

• 1,536 assays per device	

• fully automated	

• device assembly and usage are decoupled	

• device can be stored at ambient
conditions for weeks prior to use	


• academic, research, and point of care
applications
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Mechanical Based Detection
(optical/electrical)
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Figure 2 | Fluidic micromechanical biosensors. a, Schematic of static-mode surface-stress sensing MEMS device. Binding of target molecules generates
a surface stress, which leads to a quasistatic deflection of the cantilever (bottom)7. b, Scanning electron micrograph (SEM) of a dynamic mode MEMS
Arlett,
J. L., Myers, E. B. & Roukes, M. L. Comparative advantages of mechanical biosensors. Nature Nanotechnology 6, 203–215 (2011).
device. Target molecules are detected through their influence on the resonance frequency of the cantilever: when the molecules land on the cantilever, they

Real-Time Monitoring
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Fig. 1. MEDIC overview. MEDIC achieves real-time quantitative measurement of specific molecules in the blood of living animals. (A) Envisioned
setup, where the MEDIC chip is connected to the patient’s bloodstream
to measure drug pharmacokinetics. (B) The aptamer probe is tethered
to the gold electrode. Binding of target (green) induces a reversible conformational change in the probe, increasing the rate of electron transfer
between an electrochemical redox reporter (blue) and a microfabricated
electrode, yielding a measurable current change, shown in (A) as a func-

tion of time. (C) The continuos-flow diffusion filter (CDF), formed by vertically stacked laminar flow of buffer (blue) and blood (red), as shown in
the microfluidic device in (A), permits access to the target molecules
while selectively excluding blood-borne interferents. (D) Signal-on
(red) and signal-off (blue) both exhibit significant drift in response to
a pulse of target (purple). Kinetic differential measurement (KDM; green)
improves accuracy of real-time current measurements by minimizing drift
and enhancing SNR.

Ferguson, B. S. et al. Real-Time, Aptamer-Based Tracking of Circulating Therapeutic Agents in Living Animals. Science Translational Medicine 5, 213ra165–213ra165 (2013).
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Paper Diagnostics
based devices using a microplate reader.35 Most recently, Dunchai
et al. demonstrated the detection of glucose, lactate, and uric acid
by electrochemistry on µPADs.38 Other methods of detection that
should be compatible with µPADs are radiolabeling and electrochemiluminescence.
TELEMEDICINE
However simple and user-friendly, µPADs still require a trained
healthcare provider to interpret the data they provide and to
prescribe any necessary treatments. Trained personnel are a
limited and valuable resource in developing countries because
transporting them to remote settings is impractical and expensive.1
Telemedicine is an attractive alternative system for providing
healthcare in developing countries because it allows a relatively
untrained person to provide useful healthcare in remote settings.
Telemedicine has the potential to use the time of highly trained
healthcare workers fully and efficiently and gives experts in “First
World” countries the opportunity to provide their services to
clinics in remote settings.
To develop a complete system that provides diagnostically
useful information in remote settings, we have integrated cameraequipped cellular phones with µPADs7 to provide a form of
telemedicine.39-41 In our proposed system, a paramedical technician with limited medical training would test a patient using a
µPAD, photograph the results with a camera phone, and transmit
the image to a central laboratory. An expert would then analyze
the image and respond with a phone call or text message to
prescribe an appropriate treatment. Portable scanners or inexpensive devices such as credit card scanners may also be useful
tools for telemedicine and might be integrated with a PDA
(personal digital assistant) for wireless communication.
One challenge of telemedicine is to transmit images that
can be accurately interpreted at a remote site. The intensity of
the colors in an image will vary based on the lighting
conditions, the resolution of the camera, and the focus of the
picture. Many of these user-dependent conditions may be
accounted for by printing a calibration chart directly on the
µPAD. A solid-wax printer is particularly attractive for this
purpose because it can integrate color standards with fabrication of the microfluidic channels.

Figure 1. A) Schematic of a paper-based microfluidic channel. Figure
The 3. µPADs for analysis of glucose and protein in urine. A) Figure 5. A) A 3D µPAD with four channels that cross each other
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hydrolyzes fluorescein-di-b-D-galactopyranoside
to fluorescein (see Supplementary Fig. 2 online).
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silicone sheet and a microscope glass slide. From the microscopic
observation of entrapped plastic beads, quantum dots or fluorescent dyes, we have carefully evaluated the stability of the water
droplets. It was shown that PDMS is sufficiently impermeable to
inhibit evaporation or leakage over a typical bioassay time. For the
isolation of stable, regular and arrayed volumes of water, this technique represents an improvement of several orders of magnitude
compared with previous results13.
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Digital ELISA
LETTERS
Figure 1 Digital ELISA based on arrays of
femtoliter-sized wells. (a,b) Single protein
molecules are captured and labeled on beads
using standard ELISA reagents (a), and beads with
or without a labeled immunoconjugate are loaded
into femtoliter-volume well arrays for isolation
and detection of single molecules by fluorescence
imaging (b). (c) Scanning electron micrograph of
a small section of a femtoliter-volume well array
after bead loading. Beads (2.7 Nm diameter) were
loaded into an array of wells with diameters of
4.5 Nm and depths of 3.25 Nm. (d) Fluorescence
image of a small section of the femtoliter-volume
well array after signals from single enzymes are
generated. Whereas the majority of femtolitervolume chambers contain a bead from the assay,
only a fraction of those beads possess catalytic
enzyme activity, indicating a single, bound protein
molecule. The concentration of protein in bulk
solution is correlated to the percentage of beads
that carry a protein molecule.
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fluorescence signal above background. In contrast, SiMoAs permit the into the wells of the array, allowed the signal from single enzymes to
detection of very low concentrations of enzyme labels by confining accumulate in the reaction chambers for 2.5 min, acquiring fluoresthe fluorophores generated by individual enzymes to extremely small cent images every 30 s. At the end of the experiment we used an image
volumes (~50 fl), ensuring a high local concentration of fluorescent of the array that was acquired in white light to identify wells that
product molecules. To achieve this confinement in our assay, beads contained beads (bead-containing wells scatter light differently than
empty
wells).
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into an
array
femtoliter-sized
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(>70%) (D.M.R., E.P.F., D.C.D., unpublished work). Kinetically, for
200,000 beads dispersed in 100 Nl, the average distance between beads
is about 80 Nm. Proteins the size of TNF-B and PSA (17.3 and 30 kDa,
respectively) will diffuse 80 Nm in <1 min, suggesting that capture of
the protein molecules will not be limited kinetically over a 2-h incubation. Second, a sufficient number of beads must be present to be
loaded onto the arrays to limit Poisson noise. Loading 200,000 beads
into 50,000-well arrays typically results in 20,000–30,000 beads being
trapped in femtoliter-sized wells. For a typical background signal of

est concentration tested and detected was 250 aM in 25% serum,
corresponding to 1 fM in whole serum. As LOD is determined by
extrapolating the concentration at background plus 3 s.d. of the
background, LODs for different runs are dependent on the CV of
the background. We obtained subfemtomolar LODs of PSA in whole
serum over several experiments with typical background variances.
For comparison, a leading commercial PSA assay (ADVIA Centaur,
Siemens) reports an LOD of 3 pM (0.1 ng/ml) in human serum, and
ultrasensitive assays have been reported with LODs in the range

Digital ELISA
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Figure 3 Subfemtomolar detection of proteins in serum using digital ELISA. (a,b) Changes in the percentage of active beads with changes in analyte
concentration for human prostate-specific antigen (PSA) spiked into 25% serum (a) and human tumor necrosis factor-B (TNF-B) spiked into 25% serum
(b). The concentrations plotted on the x axes refer to the final concentration of spiked protein in the diluted sample. The plots on the left-hand side show
the assay response over the concentration range tested in log-log space. The plots on the right-hand side show the assay response in the femtomolar
range in linear-linear space to illustrate the limit of detection (LODs) and linearity of response. LODs were determined by extrapolating the concentration
from the signal equal to background signal plus 3 s.d. of the background signal. Broken lines, signal at the LOD. Error bars, s.d. over three replicates.
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