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Integrated Microfluidic Devices



trafficking; it directs the fluid responsible for
purging individual compartments within a row
and refreshes the central compartments (mem-
ory elements) within a row, analogous to a
RAM word line. The column multiplexor acts
in a fundamentally different manner, control-
ling 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

entire array. It is activated with its valves de-
flected upward into the control layer to trap the
pressurized liquid in the entire vertical contain-
ment valve array. A single column is then se-
lected 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 select-
ed row.

To demonstrate the functionality of the mi-
crofluidic 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 advan-
tage 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 manipula-
tions. In this case, two different reagents can be
separately loaded, mixed pairwise, and selec-
tively recovered, making it possible to perform
distinct assays in 256 subnanoliter reaction
chambers and then recover a particularly inter-
esting reagent. The microchannel layout con-
sists 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 sep-
arate 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 cham-
ber. These networks function under the control
of a multiplexor and several other control
valves (13). The elastomeric valves are analo-
gous to electronic switches, serving as high-
impedance 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, mix-
ing, 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 compar-
ator to test for the expression of a particular
enzyme. A population of bacteria is loaded into
the device, and a fluorogenic substrate system
provides an amplified output signal in the form
of a fluorescent product. An electronic compar-
ator circuit is designed to provide a large output
signal when the input signal exceeds a reference
threshold value. An operational amplifier am-
plifies the input signal relative to the reference,
forcing it to be high or low. In our microfluidic
comparator, the nonfluorescent resorufin deriv-
ative Amplex Red functions as the reference
signal. The input signal consists of a suspension
of Escherichia coli expressing recombinant cy-
tochrome c peroxidase (CCP); the enzyme
serves as a chemical amplifier in the circuit
(Fig. 4A). The cells and substrate are loaded
into separate input channels with the central
mixing barrier closed in each column and com-

Fig. 3. (A) Optical mi-
crograph of the mi-
crofluidic comparator
chip. The various inputs
have been loaded with
food dyes to visualize
the channels and sub-
elements of the fluidic
logic. (B) Set of optical
micrographs showing a
portion of the compar-
ator in action. A subset
of the chambers in a
single column is im-
aged. Elastomeric mi-
crovalves enable each
of the 256 chambers
on the chip to be inde-
pendently compart-
mentalized, mixed pair-
wise, and selectively
purged with the blue
and yellow solutions.
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Benefits of Microfluidics
  Economy of Scales 

  Volume reductions by several orders of magnitude over bench-
top experiments 

  Extreme cost reduction for biological experiments 
  ITT costs 25 CHF/rxn, on a fluidic device the cost is 0.005 CHF/rxn 

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

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

  Automation 
  All steps can be fully automated, reducing labor costs 

  Cheap Mass-production 
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Application Areas
  Basic Science 

  Synthesis 
  Protein synthesis 
  DNA synthesis 

  Screening 
  Molecular interaction screens 
  Crystallization screens 

  Cell based methods 

  Health 
  Drug development 
  Drug screening 

  Diagnostics 
  Point of care devices 

  Environment 

  Chemistry 



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

Spin Coater

DWL200
Laser Lithography System

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

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

1st Micromechanical Valve
M. A. Unger, H. P. Chou, T. Thorsen, A. Scherer, S. R. Quake
Science 288, 113 (2000).



What is measured and how?

Protein / Small Molecule DNA / RNA

Immunoassay
Enzymatic
Mass Spectrometry
Chemical

PCR
Sequencing
Hybridization

Optical
Electrical
Mechanical



Samples…



Samples…
Tears
Nasal Swab
Saliva
Sputum
Mouth Swab
Sweat

Cerebrospinal Fluid

Urine
Feces

Blood
Lymph

Breast Milk
Amniotic Fluid

Semen



Luminex Technology



Multiplexed Detection

microwell containing a full primary ssDNA barcode array. The results
showed only negligible cross-hybridization signals. In the DEAL assay,
each capture antibody is tagged with approximately three copies of
an ssDNA oligomer that is complementary to ssDNA oligomers that
have been surface-patterned into a microscopic barcode within the
immunoassay region of the chip. Flow-through of the DNA-antibody
conjugates transforms the DNA microarray into an antibody micro-
array for the subsequent surface-bound immunoassay. Because DNA
patterns are robust to dehydration and can survive elevated tempera-
tures (80–100 1C), the DEAL approach circumvents the denaturation
of antibodies often associated with typical microfluidics fabrication.

As only a few microliters of blood is normally sampled from a
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

do more traditional aminated surfaces20 and
provide for an accompanying increase in
assay sensitivity (Supplementary Figs. 4 and
5 online). Different solutions, each containing
a specific ssDNA oligomer, were flowed
through different channels and evaporated
through the gas-permeable PDMS stamp,
resulting in individual stripes of DNA mole-
cules. One complete set of stripes represents
one barcode. All measurements used 20-mm-
wide bars spaced at a 40 mm pitch. This array
density represents an approximately tenfold
increase over a standard spotted array (typical
dimensions are 150 mm diameter spots at a
400 mm pitch), thus expanding the numbers
of proteins that can be measured within a
small volume. No alignment between the
barcode array and the plasma channels
(IBBC chip design presented in Supplemen-
tary Fig. 6 online) was required. All protein

assays used one color fluorophore and were spatially identified using a
reference marker that fluoresced at a different color.

We first illustrate aspects of the barcode assays via the measurement
of a single biomarker, human chorionic gonadotropin (hCG), in
undiluted human serum over a broad concentration range. hCG is
widely used for pregnancy testing and is a biomarker for gestational
trophoblastic tumors and germ cell cancers of the ovaries and testes.
For this assay, the barcode was customized by varying the DNA
loading during the flow patterning step. The DNA barcode contained
13 regions (Fig. 2a). There were two bars of oligomer B (designed to
detect the protein tumor necrosis factor (TNF)-a as a negative
control), one reference bar (oligomer M), one blank and nine bars
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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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.
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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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Multiplexed Detection

microwell containing a full primary ssDNA barcode array. The results
showed only negligible cross-hybridization signals. In the DEAL assay,
each capture antibody is tagged with approximately three copies of
an ssDNA oligomer that is complementary to ssDNA oligomers that
have been surface-patterned into a microscopic barcode within the
immunoassay region of the chip. Flow-through of the DNA-antibody
conjugates transforms the DNA microarray into an antibody micro-
array for the subsequent surface-bound immunoassay. Because DNA
patterns are robust to dehydration and can survive elevated tempera-
tures (80–100 1C), the DEAL approach circumvents the denaturation
of antibodies often associated with typical microfluidics fabrication.

As only a few microliters of blood is normally sampled from a
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

do more traditional aminated surfaces20 and
provide for an accompanying increase in
assay sensitivity (Supplementary Figs. 4 and
5 online). Different solutions, each containing
a specific ssDNA oligomer, were flowed
through different channels and evaporated
through the gas-permeable PDMS stamp,
resulting in individual stripes of DNA mole-
cules. One complete set of stripes represents
one barcode. All measurements used 20-mm-
wide bars spaced at a 40 mm pitch. This array
density represents an approximately tenfold
increase over a standard spotted array (typical
dimensions are 150 mm diameter spots at a
400 mm pitch), thus expanding the numbers
of proteins that can be measured within a
small volume. No alignment between the
barcode array and the plasma channels
(IBBC chip design presented in Supplemen-
tary Fig. 6 online) was required. All protein

assays used one color fluorophore and were spatially identified using a
reference marker that fluoresced at a different color.

We first illustrate aspects of the barcode assays via the measurement
of a single biomarker, human chorionic gonadotropin (hCG), in
undiluted human serum over a broad concentration range. hCG is
widely used for pregnancy testing and is a biomarker for gestational
trophoblastic tumors and germ cell cancers of the ovaries and testes.
For this assay, the barcode was customized by varying the DNA
loading during the flow patterning step. The DNA barcode contained
13 regions (Fig. 2a). There were two bars of oligomer B (designed to
detect the protein tumor necrosis factor (TNF)-a as a negative
control), one reference bar (oligomer M), one blank and nine bars
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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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.
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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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4,096 Immunoassays on a Single Device
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High-Content Diagnostics

Clinical trials
Biobanks

“Calibrators”
Protein Standards

Reagents

Hospital/Clinical labs
Blood serum samples

1. Sample collection 2. Sample spotting &
slide storage

3. Device alignment &
microfluidic-based assay

4. Data analysis
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• 1,024 samples on 10 cm2

• Multiplexed - 4 biomarkers per sample

• 4,096 assays per device

• Sensitivity - 100’s fM from nL-volume 
samples (zmol)

• Matrix insensitive - human serum, cell 
culture media, buffers, etc.

• Total cost of reagents per assay = € 0.0001

• Total cost per chip (reagents) = € 0.1



• 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

Multiplexed Biomarker Quantitation

Detection Antibody
Epoxide glass slide

Alignment

Neutravidin
Passivation Layer Capture Antibody

Antigen
Valve closed
Valve open

i

Assay and
 read out

2 Layers PDMS chip

a)

b)

c)

1

2

3
4

5

6

100μm

ii iii iv

Biotin

Control layerFlow layer

384
antibody 

pairs

4samples

0

200

400

GFP / pM

In
te

ns
ity

  /
 a

.u
.

0

200

400

0

100

200

300
1 week
1 day

2 weeks
4 weeks

GFP / pM

GFP / pM

In
te

ns
ity

  /
 a

.u
.

In
te

ns
ity

 / 
a.

u.

5 20 100
-80

-60

-40

-20

0 1 week
2 weeks
4 weeks

GFP / pM

D
iff

er
en

ce
 / 

%

-80

-60

-40

-20

0

20

D
iff

er
en

ce
 / 

%

GFP / pM

-80

-60

-40

-20

0

20

D
iff

er
en

ce
 / 

%

GFP / pM

1 week
2 weeks
4 weeks

1 week
2 weeks
4 weeks

5 20 100

5 20 100

10-1 100 101 102

10-1 100 101 102

10-1 100 101 102

1 week
1 day

2 weeks
4 weeks

60nM dAb

30nM dAb

6nM dAb



Localized Surface 
Plasmon Resonance

metallic nanoparticles supporting localized surface plasmon
resonances (LSPR) have been initially identified as the next
generation of optical label-free biosensors mainly due to the
extreme sensor miniaturization to the scale of a single
nanoparticle. Just recently, single nanoparticle sensors have
been run in the multiplex scheme and are capable of resolving
even single protein binding events.6−10 Nevertheless, from the
practical point of view, there is a consensus that nanoparticle
ensemble schemes are a more appropriate biosensing format.11

Intrinsically involved spatial averaging by tracking an ensemble
instead of isolated nanoparticle, at least from the statistical
point of view, contributes to biological relevance of the
acquired data, together with the relaxed constraints of
nanoparticle morphological variations, simplified optics, faster
data acquisition, and improved signal to noise ratio. Coupled to
the inherent property of direct excitation of LSPR with freely
propagating light relaxes significantly the complexity of the
optics in comparison to SPR. The resonant optical signature of
nanoparticle ensembles (substrate confined or free in solution)
is utilized to enhance the read-out in what is called a plasmonic
enzyme-linked immunosorbent assay (ELISA).12−15 Finally, the
strong field confinement in metallic nanostructures renders
metallic nanoparticles advantageous when considering shallow
refractive index changes as in the examples of biomolecular
detection2,3 and eliminates the need for a typical thermal
stabilization as in the SPR case. While there are obvious
upsides, one final consideration must be given to the substrate
nanostructuring cost, which initially was an inhibition in
relation to commercial success. However, this cost is constantly
dropping, as new parallel nanofabrication procedures are
emerging and thus overcoming the cost-ineffectiveness of
electron beam lithography and focused ion-beam ap-
proaches.16−18 While prior efforts of LSPR biosensing develop-
ment were focused toward identifying the optimum nano-
particle configuration for maximum detection sensitivity
(nanoparticle pairs,19,20 Fano-resonance supporting par-
ticles,21,22 nanoshells,23,24 flow-through nanoholes25−27), real
life applications required an advanced liquid sample handling
interface compatible with the peculiarity of the detection
principle. Actually, the realization of a competitive LSPR

biosensing system stalled, mainly due to the high degree of
complexity involved. Here, we demonstrate the first generation
of a parallel LSPR biosensing platform with increased
throughput, speed, and real-time analysis that can be almost
immediately transferable to a clinical or pharmaceutical
environment.
In this specific implementation, we focus on a simple

periodic arrangement of gold nanorods immobilized on a glass
substrate in line with the demonstration by Chen et al.28 Figure
1 (inset) presents a scanning electron microscopy (SEM)
image of a portion of a typical nanorod array. A detailed
description of the nanofabrication procedure is given in the
Supporting Information. To ensure the independence of all
nanoparticle arrays, precise sample delivery and isolation
among arrays is achieved by a polydimethoxysiloxane
(PDMS) polymer-based microfluidic interface actively con-
trolled by micromechanical valves (MMV).29,30 The active
control allows switching the microfluidic network function
between various modes of operation that will be used during
the different steps in the sensor preparations and sample
interrogation. Additional information about the PDMS device
construction and operational principles can be found in the
Supporting Information and refs 29, 30, and 37. Finally, once
the PDMS chip is prepared, it is aligned over the plasmonic
glass substrate, where distributed nanoparticle arrays coincide
within predetermined regions inside 8 individual channels
(Figure 1a). Once the firm bond between PDMS and glass
substrate is obtained, the device is ready to be mounted and
connected to the controlled, liquid delivery module as shown in
Figure 1b.
The optical setup used to monitor the chip consists of a

homemade microscope in a bright-field transmission config-
uration equipped with scanning detection combined with a
visible−near-infrared (VIS-NIR) light source and a spectrom-
eter (Figure 1c). The spectrometer, cameras, and the scanning
system are controlled via an in house, developed Labview
interface, which also handles data acquisition, analysis, and the
real-time display of the results. The system performs extinction
peak and centroid tracking31,32 of distributed sensors at a
sampling rate of 10 Hz limited by the current read-out time of

Figure 1. Description of the sensing platform: Schematic of the flow and control layers consisting the microfluidic chip (a) and final connected chip
(b). The inset shows a standard SEM image of the plasmonic gold sensors. Scale bar = 200 nm. (c) Overview of the optical setup.

Nano Letters Letter

dx.doi.org/10.1021/nl500574n | Nano Lett. XXXX, XXX, XXX−XXXB

NHS combination for the activation of the carboxylated
monolayer for the subsequent binding of the receptor (see
the Supporting Information for details). By this approach we
did not find any significant change in sensor performance; i.e.,
linear range and detection levels were on the same order with
an excellent coefficient of variation noted. Fitting of both these
curves with the usual Hill-type sigmoid shows excellent fitting
to the data with both coefficient of determination (R squared)
values greater than 0.998 (0.9989 vs 0.9993). This high
goodness of fitting further highlights the compatibility of our
microfluidic chip to various sensing strategies and chemical
approaches. The real-time curves for the individual concen-
trations can be seen in Figure S3 of the Supporting
Information.
To test our LSPR sensing platform in the frame of cancer

diagnostic and treatment follow-up, we investigate two different
clinically relevant molecules, such as AFP and PSA. In men,
nonpregnant women, and children, AFP (70 kDa) in the blood
can mean certain types of cancer, especially that cancer of the
testicles, ovaries, stomach, pancreas, or liver is present. High
levels of AFP may also be found in Hodgkin’s disease,
lymphoma, brain tumors, and renal cell cancer. In most cases
the levels in affected patients are in the 500−1000 ng/mL
range.33,34 The prostate-specific antigen is a 34 kDa
glycoprotein produced almost exclusively by the prostate
gland and is a member of the kallikrein-related peptidase
family. It is present in small quantities in the serum of men with
healthy prostates but is often elevated in the presence of
prostate cancer or other prostate disorders.35 PSA is not a
unique indicator of prostate cancer but may also detect
prostatitis or benign prostatic hyperplasia.36 In the United
States, the U.S. Food and Drug Administration has approved
the PSA test for annual screening of prostate cancer in men of
age 50 and older. PSA levels between 4 and 10 ng/mL are
considered to be suspicious and consideration should be given
to confirming the abnormal PSA with a repeat test or
alternative confirmatory analysis.
In Figure 5, we used the EDC/NHS approach to simplify the

methodology and avoid prior conjugation of antibody receptors
with biotin linkers, in order not to jeopardize affinity. Thus, the

antibody receptor is directly linked to an 11-mercaptoundeca-
noic acid prepared monolayer on the gold arrays; cancer
markers at various concentrations are injected and monitored in
50% serum, and detection is completed by using secondary
polyclonal antibodies. First, considering AFP (blue curve), we
can clearly measure small variations in concentration of AFP in
50% human serum well below the clinically significant level
(500 ng/mL). The smallest discernible concentration we could
measure above the background was deemed to be 500 pg/mL,
which represents picomolar levels (10−12 M) of AFP (Figure S4
in the Supporting Information). The linear range (EC20-EC80)
of this sensor is wide (5−1000 ng/mL), and as can be seen
from the data for each concentration the averaged coefficient of
variation across all concentrations is very low (2.4%) showing a
very reproducible measurement for up to three independent
sensors per channel. Fitting of the data also returns a very
acceptable R squared value of 0.998, further highlighting the
repeatability and reproducibility of this parralel approach for
measuring a complete working range of any specific analyte of
interest simultaneously.
To further illustrate the universal nature of our biosensing

platform for detection of alternative markers, we also
demonstrate (green curve) the complete detection of prostate
specific antigen and the ability to quickly detect analyte in the
ng/mL range in a matter of minutes with excellent
reproducibility (Figure S5 in the Supporting Information).
The linear range for PSA can be determined to be lying
between 10 and 100 ng/mL, again based on the EC20−EC80
parameter. A Hill type fitting of the data reveals an excellent R
squared value of 0.9994, and this is coupled to an excellent
coefficient of variation for each point with the averaged CV of
1.3% (n = 18). The lowest concentration attainable was found
to be 1 ng/mL, which gives a sufficient signal above the
background level. To shift the LOD to lower concentrations, it
is possible to load the surface of the sensor with a lower
quantity of receptor. However, we observed a decrease in
absolute signal and a slight modification of the linear range.
Therefore, a proper optimization of this parameter is necessary
for each particular case according to the level of concentrations
needed to be detected. Nevertheless, this current level of

Figure 5. Parallel biosensor chip (LSPR response) for the detection of AFP and PSA cancer markers in 50% human serum.
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micromechanical mass sensors. This involves maintaining the devices 
in a humid, gas-phase environment, but obviates the need for their 
direct immersion in fluid. Monitoring growth of E. coli microcultures 
in less than one  hour18,19 has been demonstrated, which compares 
favourably with ~ one day times for conventional methods. Moreover, 
the detection of antibiotic selective growth has been made in less than 
two hours19. This approach offers potential for simultaneous multi-
plexed detection of various bacterial species through device arrays.

Fluid-phase capture and detection in vacuo. Mechanical biosensors 
can provide exquisite mass resolution in vacuum and in air20,21. 
An approach that harnesses this level of performance for fluidic 
biosensing involves operating the device in solution, removing it 
from solution once the analytes have bound, then desiccating them 
before mass detection. However, spurious molecules can bind to the 
device during desiccation, which leads to errors (and continuous 
monitoring is not possible — see below). Early efforts in this area 
focused on the detection of relatively massive virus particles22,23, 
and single-virion resolution was achieved22. More recently, a ‘sand-
wich assay’ was used to detect prostate-specific antigen (PSA) in 
serum at femtomolar concentrations5. Sandwich assays employ two 
affinity-based probes (often two different antibodies) to achieve an 
effective affinity that is the product of the affinities of the individual 

agents. A label is often attached to the second probe to enable the 
readout (for example, fluorescent assays) or to enhance the signal 
(for example, labelling with relatively massive nanoparticles for 
mass-based detection5).

Continuous operation. The method described in the previous section 
is not capable of continuous monitoring and fast detection. However, 
if a dynamic-mode mechanical biosensor is immersed in the fluid, 
continuous monitoring with picomolar sensitivity and response times 
of a few minutes becomes possible. However the concentration sen-
sitivity attained depends on the target mass; subpicomolar detection 
of T5 virions (molecular weight = 7 × 107 Da) is possible1, whereas 
micromolar sensitivity is typical for smaller peptides such as ferri-
chrome (molecular weight = 687.7 Da). Dynamic-mode mass sensing 
has also been used for mass measurements of individual live cells24,25.

Sensitive frequency-shift-based mass detection requires reson ators 
with high vibrational quality factors, but the quality factor, Q, is com-
promised in fluid by viscous damping26. However, high- frequency 
operation increases the effective Reynolds number and can enable 
operation with higher values of Q27. These higher frequencies can be 
achieved by reducing the device dimensions, or by operating with 
high-order vibrational modes28,29. Figure 1 shows the present state-
of-the-art performance.
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Real-Time Monitoring

variable patient pharmacokinetics and, when translated to the clinic,
enable personalized and adaptable dosing for individual patients to
drive optimal disease treatment.

RESULTS

MEDIC design overcomes challenges of
continuous monitoring
MEDIC integrates multiple technological advances to overcome the
challenges that have previously thwarted development of biosensors
for continuous in vivo molecular detection. The central element of
MEDIC is the electrochemical, aptamer-based sensor (13). This is a
conformation-changing aptamer probe that is covalently attached
via one terminus to an integrated electrode within the MEDIC device
and modified at the other terminus with a redox reporter (Fig. 1B).
Upon binding to its target molecule, the probe undergoes a reversible
conformational rearrangement that modulates the redox current and
generates an electrochemical signal. Detection is continuous and
highly specific—only binding of the target triggers this conformation
change, whereas nonspecific binding of interferents does not generate
an electrochemical signal.

Within the MEDIC chip, the aptamer probes are protected by a
continuous-flow diffusion filter (CDF), which prevents blood cells and
other high–molecular weight interferents from physically occluding the
sensor surface during operation (Fig. 1C). Finally, these are integrated
with an electrochemical KDM technique that self-corrects for signal
drift and enhances the SNR (Fig. 1D), enabling stable and quantitative
detection over 4 hours of continuous operation.

Aptamer probes are sensitive and specific in space
and time
For our initial tests, we designed a DOX-specific aptamer probe using
a previously described DNA aptamer (14). We conjugated its 3′ end to
a methylene blue (MB) reporter and its 5′ end to an alkane thiol for
attachment to gold working electrodes within the MEDIC chip micro-
channel (fig. S1). Target binding induces a conformational change in
the aptamer that modulates electron transfer between MB and the
electrode (Fig. 1B) (13). This modulation is expected to produce a readily
measurable change in current at the MB reduction peak when the sensor
is interrogated using square-wave voltammetry (SWV). The relative
change in current (the signal gain) thus provides a direct measure-
ment of DOX concentration.

To characterize the DOX probe’s sensitivity, we fitted the probe’s
signal gain to a Langmuir isotherm and obtained an apparent equi-
librium dissociation constant (Kd) of 824 ± 18 nM (mean ± SEM)
(Fig. 2A). The sensor achieved a limit of detection (LOD) in buffer of
10 nM, with a dynamic range of 0.01 to 10 mM, spanning the drug’s
therapeutic range (15). The sensor did not respond to 1000-fold greater
concentrations of ifosfamide (Ifex), mesna, mitomycin C (MTC),
dacarbazine (DTIC), or cisplatin (CDDP) (Fig. 2B)—agents com-
monly administered with DOX. The sensor also exhibited rapid ki-
netic response; after a 5-min pulse of 600 nM DOX, we measured
kon = 3.0 ± 0.35 mM−1 min−1 and koff = 1.35 ± 0.05 min−1 (means ±
SEM). The probe therefore reached 90% saturation within 45 s and
then returned to within 10% of baseline by 100 s (Fig. 2C). Because
the a-phase plasma clearance time of DOX in humans is between 6
and 26 min (16), this temporal resolution is sufficient for clinical
applications.
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Fig. 1. MEDIC overview. MEDIC achieves real-time quantitative mea-
surement 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 con-
formational 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 ver-
tically 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.
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Paper Diagnostics
fabricated for <$0.01 (for the cost of the paper and patterning);
(ii) paper wicks aqueous fluids, and this wicking makes passive
transport of fluids without active pumping on µPADs practical;
and (iii) paper has been used for decades as a platform for
analytical chemistry, and thus µPADs can take advantage of
existing analytical techniques.

Paper has several additional advantages as a material for
making ASSURED diagnostic devices: (i) paper is thin, lightweight
(∼10 mg/cm2), available in a wide range of thicknesses (0.07-1
mm),12 and easy to stack, store, and transport; (ii) paper
typically is made of cellulose or cellulose-polymer blends and
is compatible with biological samples;13 (iii) paper can be
modified chemically to incorporate a wide variety of functional
groups that can be covalently bound to proteins, DNA, or small
molecules;11,14 (iv) paper is usually white (because it scatters
light) and is a good medium for colorimetric tests because it
provides strong contrast with a colored substrate; (v) paper is
flammable, so µPADs can be disposed of by incineration easily
and safely after use; (vi) paper is flexible and compatible with a
host of existing printing technologies that could, in principle, be
used to fabricate µPADs;11,15 and (vii) “paper” (defined as a thin
fibrous sheet) is available in a wide range of highly engineered
forms with a very wide range of properties.12 For example, filter
papers with well-defined pore sizes can separate suspended solids
from samples before an assay or remove erythrocytes from blood.
Papers containing conducting carbon or metal fibers are electri-
cally conducting or magnetically responsive, and paper containing
biodegradable polymers may make µPADs biocompatible.

Paper is already used extensively in analytical and clinical
chemistry.16 Paper chromatography, developed in the 19th cen-
tury, has been used to separate and identify mixtures of small
molecules, amino acids, proteins, and antibodies.14,17 Urinalysis
dipsticks and litmus paper are the most commonly used paper-
based diagnostic devices, but paper is also used as a support for
qualitative spot tests for analytes with applications covering clinical
diagnostics, organic and inorganic chemical analysis, environ-
mental and geochemical analysis, and pharmaceutical and food
chemistry.16-19 Lateral-flow immunoassays are a highly engi-
neered and broadly used form of paper-based diagnostic assays;
they can provide “yes/no” detection of a wide range of analytes
using labeled antibodies or analytes.20-23 Paper also is used in
other areas: e.g., in chemistry for synthesis of peptides and small
molecules and as a platform for macroarrays.24-27

We used Whatman No. 1 chromatography paper for most of
our work because it is a clean paper, is made out of pure cellulose,
and has relatively uniform thickness and wicking properties. We
have also worked with two other types of paper useful in µPADs:
paper towels because of their low cost ($0.15/m2) and ITW
Technicloth ($1.20/m2) because of its high wicking speed.10

As new applications for µPADs are developed, we expect that
other types of paper will be useful in fabricating devices with
specific capabilities.

PAPER-BASED MICROFLUIDIC DEVICES
Traditional microfluidic devices are fabricated by etching or
molding channels into glass, silicone, PDMS, or other polymers
or plastics.28 Fabrication of µPADs is based on patterning sheets
of paper into hydrophilic channels (paper) bounded by hydro-

phobic barriers (Figure 1); the resulting channels either can be
left open to the atmosphere or sealed to thin polymer sheets.8-10,29

A number of methods are now available to accomplish this
patterning (Table 1 and Figure 2) with different trade-offs among
cost, convenience, and resolution. The patterning process defines
the width and length of paper-based microfluidic channels; the
thickness of the paper defines the height of the channel. The

Figure 1. A) Schematic of a paper-based microfluidic channel. The
channel comprises a porous matrix of hydrophilic cellulose fibers that
wick fluids along the path defined by the channel. The sides of the
channel are bounded by hydrophobic barriers, and the top and bottom
of the channel are open to atmosphere. The height of the channel is
defined by the thickness of the paper. The resolution of the
hydrophobic barriers is defined by the method of patterning. B)
Photolithography on paper requires six steps and produces well-
defined hydrophobic barriers of photoresist that extend through the
thickness of the paper. C) An example of a device fabricated by
photolithography with a central channel that wicks fluids into three
independent test zones. D) Wax printing requires two steps and
produces hydrophobic barriers of wax that extend through the
thickness of the paper. When the paper is heated, the wax melts and
spreads both vertically and laterally into the paper. The vertical
spreading creates the hydrophobic barrier. The lateral spreading
lowers the resolution of the method and produces barriers that are
much larger than the original printed pattern. E) An example of a
device fabricated by wax printing with a central channel that wicks
fluids into three independent test zones.
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can enable many new and useful applications.42,43 We believe
that 3D µPADs will also enable applications for paper-based
devices that would not be possible with 2D µPADs. Three-
dimensional systems of channels can be fabricated in paper
by stacking alternating layers of patterned paper and double-
sided adhesive tape patterned with holes (Figure 5A).9 The

patterns of holes in the tape provide connections between
channels in adjacent layers of paper (Figure 5B).

Three-dimensional µPADs offer several potential advantages
over 2D devices. They can incorporate intricate networks of
channels connected to large arrays of test zones (Figure 5C), and
each layer in a 3D µPAD can be made of a different paper, so
multiple functionalities provided by different types of paper can
be combined into a single device. For example, the top layer of
the device can be a filter to remove red blood cells from a blood
sample. As the sample wicks through the middle layers of the
device, it can react with light-sensitive assay reagents contained
within before wicking through to the bottom, where test zones
would display the results. The complexity of the systems of
channels that can be generated in a 3D µPAD issin our
experienceslarger than can be practically produced in PDMS.

We have used glucose and protein assays to demonstrate
colorimetric analyses using 3D µPADs (Figure 5D and E).9 The
3D µPAD shown in Figure 5 was able to assay in duplicate up to
four different samples for glucose and protein. The test zones were
arranged in a side-by-side configuration for easy comparison of
the results. The device was designed to incorporate a fluid inlet
at the corner of the device, so that the device could be dipped
into a drop of each sample.

CONCLUSIONS
Their low cost, simplicity, and flexibility make µPADs a promising
starting point for the development of new solutions to the problem
of health-relevant assays in developing economies. So far, we and
others have developed prototype µPAD systems for clinically
relevant bioanalyses that use colorimetric assays and telemedicine.
When fully developed, we hope µPADs will provide a platform
with several new capabilities for bioanalysis, such as (i) the ability
to multiplex assays; (ii) the ability to store, mix, and combine
reagents; (iii) the ability to filter samples and separate mixtures
into individual components for analysis; (iv) the ability to auto-
matically analyze controlled volumes of sample starting from
unknown volumes of sample; and (v) the ability to analyze multiple
samples using a single device.

This work and this field are in their infancy, and there are
many opportunities to research ways to make µPADs practical
and genuinely useful and to expand their capabilities. These
include (i) a detailed study of capillary wicking in paper-based
microfluidic devices that could help improve the design of the
devices and may suggest new capabilities for these devices; (ii)
the development of new methods for fabricating µPADs and the
development of new components such as electrodes, valves, filters,
mixers, and coatings for µPADs that will expand their capabilities;
(iii) the development of new diagnostic assays for disease that
are compatible with the µPAD platform; (iv) the development of
methods for stabilizing reagents stored in µPADs so that they
can be distributed without relying on refrigeration; (v) the
development of new technologies for measuring the results of
paper-based assays that could enable the use of new types of
assays with µPADs; and (vi) testing the devices in the field. All
of these projects will likely require the involvement of chemists,
biologists, engineers, and medical doctors.

A great advantage of µPADs is that they can be fabricated
easily, and the processes do not require complex equipment or

Figure 5. A) A 3D µPAD with four channels that cross each other
multiple times in different planes without mixing their contents. B)
Cross-section of the device shown in (A). The device is made from
two layers of patterned paper and one layer of double-sided adhesive
tape. Channels patterned in the paper wick fluids in the plane of the
paper, and holes cut through the tape provide contact points between
adjacent layers of paper. The holes in the tape are filled with cellulose
powder to allow fluids to wick between adjacent layers of paper. C)
Three-dimensional µPADs that distributed four samples added to the
fluid inlets on the top of the device into arrays of 64 test zones on
the bottom of the device. The channels in the middle layers of the
device determine which sample will fill each test zone. D) Schematic
representation of the layers of paper and tape used to assemble a
device designed for testing four samples for the presence of glucose
and protein. E) Three-dimensional µPAD that can test four different
samples for glucose and protein. The front face of the device has
four fluid inlets at each corner of the device that can be dipped
directly into the sample. The back face of the device has an array
of 16 test zones that were prespotted with the reagents for the
assays. The results of the assays are displayed side by side for
easy comparison. The concentrations of glucose (Glc) and BSA
in each sample are indicated below the device. All adapted with
permission from ref. 9.
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methods of detection. We have shown that quantitative fluores-
cence and absorbance measurements can be obtained from paper-

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 electro-
chemiluminescence.

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 camera-
equipped cellular phones with µPADs7 to provide a form of
telemedicine.39-41 In our proposed system, a paramedical techni-
cian 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 inex-
pensive 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 fabrica-
tion of the microfluidic channels.

PAPER MICROZONE PLATES
A slightly different approach to paper-based diagnostic devices
uses paper microzone plates as alternatives to plastic microtiter
plates (Figure 4).35 A paper microzone plate is made by patterning
a sheet of paper into an array of circular or square test zones
with the same dimensions and distribution as the wells in a plastic
plate. We have demonstrated both 96-zone plates and 384-zone
plates made out of paper.

Paper microzone plates have many advantages over plastic
plates. Paper microzone plates are inexpensive (∼$0.05/plate);35

easy to stack, store, transport, and archive; and compatible with
the technology developed for plastic plates, including 8-channel
pipettes and plate readers. Paper microzone plates are fabricated
easily in such a way that they incorporate complex microfluidic
channels, interconnecting zones, or zones of unusual geometry.
These systems improve the distribution and manipulation of
samples on the platesa capability that is impractical to accomplish

Figure 3. µPADs for analysis of glucose and protein in urine. A)
Patterned paper after distributing 5 µL of Waterman red ink to show
the integrity of the hydrophilic channel. The darker lines are cured
photoresist; the lighter areas are unexposed paper. B) Complete
µPAD after spotting the reagents. The square zone on the right is for
a protein test, and the circular zone on the left is for glucose analysis.
The circular zone on the top was used as a control. C) Positive assays
for glucose and protein using 5 µL of a solution that contained glucose
(20 mM) and BSA (75 µM) in an artificial urine solution. D) Results of
paper-based glucose and protein assays using a range of concentra-
tions of glucose and BSA in artificial urine. E) and F) Analytical
calibration plots for the concentration of glucose (E) and BSA (F) in
artificial urine measured using µPADs. The mean intensity for each
data point was obtained using the histogram function in Adobe
Photoshop by selecting the area of the test zone for each assay in a
digital image of the µPAD that was obtained with a desktop scanner.
Each datum is the mean of twelve assays; error bars represent the
relative standard deviations of the measurements. (B), (C), and (D)
adapted with permission from ref. 8.
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SUMMARY

The recent Zika virus outbreak highlights the need for
low-cost diagnostics that can be rapidly developed
for distribution and use in pandemic regions. Here,
we report a pipeline for the rapid design, assembly,
and validation of cell-free, paper-based sensors
for the detection of the Zika virus RNA genome. By
linking isothermal RNA amplification to toehold
switch RNA sensors, we detect clinically relevant
concentrations of Zika virus sequences and demon-
strate specificity against closely relatedDengue virus
sequences. When coupled with a novel CRISPR/
Cas9-based module, our sensors can discriminate
between viral strains with single-base resolution.
We successfully demonstrate a simple, field-ready
sample-processing workflow and detect Zika virus
from the plasma of a viremic macaque. Our freeze-
dried biomolecular platform resolves important
practical limitations to the deployment of molecular
diagnostics in the field and demonstrates how syn-
thetic biology can be used to develop diagnostic
tools for confronting global health crises.

INTRODUCTION

The emerging outbreak of Zika virus in the Americas has brought
this once obscure pathogen to the forefront of global healthcare.
Mostly transmitted by Aedes aegypti and A. albopictus mosqui-

toes, Zika virus infections have been further spread by inter-
national travel and have expanded to large, heavily populated
regions of South, Central, and North America (Bogoch et al.,
2016). Correlations between the increase in Zika virus infections,
the development of fetal microcephaly (Calvet et al., 2016; Ga-
lindo-Fraga et al., 2015; Victora et al., 2016), and Guillain-Barré
syndrome have resulted in the declaration of a public health
emergency by the World Health Organization (WHO) and a call
for fast-tracked development of Zika virus diagnostics (Oehler
et al., 2014; Smith and Mackenzie, 2016; WHO, 2016).
Synthetic biology is an emerging discipline that has great

potential to respond to such pandemics. The increasing ability
of synthetic biologists to repurpose and engineer natural biolog-
ical components for practical applications has led to new oppor-
tunities for molecular diagnostics (Kotula et al., 2014; Lu et al.,
2013; Slomovic et al., 2015). We previously developed two
biotechnologies that dramatically lower the cost of and tech-
nical barriers to the development of synthetic biology-based
diagnostics. The first technology, programmable RNA sensors
called toehold switches, can be rationally designed to bind and
sense virtually any RNA sequence (Green et al., 2014). The sec-
ond technology, a freeze-dried, paper-based, cell-free protein
expression platform, allows for the deployment of these toehold
switch sensors outside of a research laboratory by providing a
sterile and abiotic method for the storage and distribution of
genetic circuits at room temperature (Pardee et al., 2014). We
combined these technologies to create a platform for rapidly
and inexpensively developing and deploying diagnostic sensors.
In the context of the Zika virus outbreak, the paper-based sen-

sors offer a solution to the critical challenges facing diagnosis of
the virus. Standard serological approaches, such as antibody
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SUMMARY

Synthetic biology uses living cells as molecular
foundries for the biosynthesis of drugs, therapeutic
proteins, and other commodities. However, the
need for specialized equipment and refrigeration for
production and distribution poses a challenge for
the delivery of these technologies to the field and to
low-resource areas. Here, we present a portable plat-
form that provides the means for on-site, on-demand
manufacturing of therapeutics and biomolecules.
This flexible system is based on reaction pellets
composed of freeze-dried, cell-free transcription
and translation machinery, which can be easily hy-
drated and utilized for biosynthesis through the
addition of DNA encoding the desired output. We
demonstrate this approach with the manufacture
and functional validation of antimicrobial peptides
and vaccines and present combinatorial methods
for the production of antibody conjugates and small
molecules. This synthetic biology platform resolves
important practical limitations in the production and
distribution of therapeutics and molecular tools,
both to the developed and developing world.

INTRODUCTION

Synthetic biology applies rational design principles of engineer-
ing to molecular biology to build genetic devices, which have
begun to impact the diagnostic and therapeutic space. This
approach has helped to create whole-cell biosensors (Kobaya-
shi et al., 2004), genetically modified probiotics (Danino et al.,
2015), and a growing capability for cell-based biomolecular
manufacturing. Rooted in genetically engineered production
cell lines, biosynthesis is increasingly a mainstay for industrial
drug production (Fossati et al., 2014), protein therapeutics (Dimi-

trov, 2012), fuels (Torella et al., 2015), and other commodities
(Chubukov et al., 2016). However, the reliance on living cellular
hosts to operate the genetic programs that underpin biosyn-
thesis is accompanied by biosafety regulations, practical hur-
dles, and specialized skills that limit their operation to laboratory
settings. Therefore, vaccines and other protein-based biomole-
cules must be globally distributed from centralized foundries
and, most often, require a cold chain for stability. These limita-
tions impact distribution costs and highlight the challenge of
delivering the benefits of these technologies to developing re-
gions. We recently reported a method for the safe deployment
of genetically encoded tools (Pardee et al., 2014). Using
freeze-dried, cell-free (FD-CF) expression machinery on paper,
we generated a platform that retains the fundamental protein
synthesis capability of live cells while remaining abiotic, sterile,
and portable. In combination with toehold switch RNA sensors
(Green et al., 2014), this platform was used to demonstrate a
new class of low-cost diagnostic tools (Pardee et al., 2016).
FD-CF reactions offer additional venues for the distributed use

of synthetic biology apart from diagnostics, such as the exciting
prospect of the portable manufacture of pharmaceuticals, ther-
apeutic proteins, and other biomolecules. In recent years,
in vitro biosynthesis from fresh or frozen lysates has developed
remarkably, including the biomanufacture of difficult molecules
that cause cell toxicity and the incorporation of non-canonical
elements (Amiram et al., 2015; Dudley et al., 2015; Karim and Je-
wett, 2016; Sullivan et al., 2016;Welsh et al., 2012; Zawada et al.,
2011). These advances have thus far been tied to laboratory set-
tings where the necessary skills and equipment are found. Build-
ing off of this foundation, the proposed use of FD-CF systems,
with their long-term activity at room temperature (>1 year) and
ease of operation, could alleviate both the restrictions of live-
cell biosynthesis and cold-chain distribution requirements (Par-
dee et al., 2014). Recent reports draw emphasis to a pressing
need for the decentralization of therapeutic biomanufacturing,
offering novel alternatives that, nonetheless, require expensive,
large equipment and highly skilled operators or yet rely on pro-
duction from living cells (Adamo et al., 2016; Perez-Pinera
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Single Molecule Detection

Rondelez, Y. et al. Microfabricated arrays of femtoliter chambers allow single molecule enzymology. Nat Biotechnol 23, 361–365 (2005).

sufficient to bond the PDMS to the glass surface. As demonstrated
below, this step distributes the buffer among up to 105 independent
reaction vessels per mm2, each of them containing a few femtoliters of
liquid solution (Fig. 2).

The resultant femtoliter chambers were inspected for possible leaks
or evaporation. To do so, fluorescent beads (200 nm) or quantum dots
(6 ! 12 nm) were enclosed in the variously sized chambers (1.4–100
fl). Their brownian motion was observed over more than 1 h
(Supplementary Video online), proving the presence of a stable liquid
phase. Moreover, no escapes from the chambers were ever recorded
and the possibility of connecting water channels was then eliminated.

PDMS is known to have an affinity for hydrophobic molecules.
As a result, some lipophilic compounds (that is, having a high
octanol/water partition coefficient) can be transported through
PDMS membranes21,22. We checked that hydrophilic solutes could
not diffuse through the walls of the chambers. The whole array was
filled with various negatively charged fluorescent dye solutions and
sealed. Then, using a pinhole, one of the chambers was photobleached
for a few seconds. Subsequent recording of the intensity proved
that the dye could not diffuse from the unaffected chambers to
the bleached one, which remained dark over the 20 min of the
test23 (Fig. 2e). In a reverse experiment, we
switched on the fluorescence of a few cham-
bers, by using a caged fluorescent compound
and selective UV illumination. Again, no
diffusion was observed (Fig. 2g). It thus
appears that PDMS acted as an impermeable
barrier for water-soluble compounds, and
tightly enclosed each chamber. These experi-
ments also show that, whereas all the cham-
bers contain the same starting solution, they
remain addressable individually by simple
means, such as light in the present case.

When the volume decreases, surface-to-volume ratios, and hence
surface effects, increase drastically, presumably leading to surface
denaturation of the biomolecules present in the sample24. In the
case of PDMS, this effect can be minimized by coating the surface with
an excess amount of BSA25. To check that these chambers were
suitable for biological studies, we used a starting solution containing
DNA fragments and an intercalating fluorescent dye. As with beads,
the brownian motion of the DNA fragment could be observed in the
chambers, without apparent surface binding or diffusion to a neigh-
boring chamber (Fig. 2d). Under these conditions, the usual solution
dynamic of the DNA chains was preserved, which opens the use of this
device for single DNA chips13,16.

In the case of enzymes, the microarray allows both the proteins
and their substrate/products to be trapped in the same chamber.
Because of the extremely small volume, a minute quantity of enzy-
matic products is enough to reach a detectable concentration, and we
can therefore expect to detect directly the individual activities of
isolated single enzymes. We have demonstrated this idea using
b-galactosidase (b-Gal) or horseradish peroxidase (HRP) as model
enzymes. A fluorogenic commercial activity assay mixture (Supple-
mentary Fig. 2 online) was distributed over the whole array26 of 30-fl
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Figure 2 Water enclosure in the microchambers,
and evaluation of the sealing. (a) Sealing
process: the buffer solution that contains the
molecules of interest is sandwiched between a
glass plate and the PDMS layer. Upon pressure,
PDMS attached tightly to the glass surface and
closed the chambers, impeding diffusion.
(b–d) Inclusion of plastic beads (b), quantum
dots (c) and l-DNA chains (d) in variously
sized microchambers. The images have been
superimposed with the recording of the 2-min
trajectory of single DNA molecules undergoing
brownian motion in the chambers. No jumps
to a neighboring chamber were observed.
(e) Photobleaching experiment using
sulforhodamineG (see f). Upper and middle
images show the central chamber just before
and just after photobleaching, respectively;
lower one was taken 20 min later. Diffusion of
the dye across the PDMS, which would result in
an increase of the fluorescent intensity in the
central chamber, was not observed. Structures
of fluorescence dyes used in the photobleaching
and photoreleasing experiments. (g) A caged
fluorescein compound (see f) can be activated
selectively inside a few chambers using a focused
UV-light beam. Here, a square shape was first
drawn before recording the fluorescent intensity
under visible light.
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containers. After closing, we measured the fluorescent intensity
simultaneously in B300 chambers, using a microscope. When the
enzyme solution was diluted down to a ratio close to 1:1 enzyme per
chamber, it appeared that the brightness in the array was not
homogeneously distributed (Fig. 3a). More precisely, the intensity
was quantized among a few discrete levels: dark, medium and bright
chambers were easily distinguished. Real-time recording of the enzy-
matic activity in each chamber also revealed a quantization in the rate
of fluorescent increase (Fig. 3b). The histogram of the fluorescence
increment in 60 s showed four well-defined peaks, that we could
attribute to the presence of zero, one, two or three enzymes, respec-
tively, in the corresponding chamber. The peaks were regularly spaced,
and the turnover rate of a single enzyme could be derived from the
increment value (Fig. 3c for b-Gal and Supplementary Fig. 1 online
for HRP). In the case of b-Gal, we determined it to be 20 s–1, which is
consistent with an earlier report26 of 17 s!1. The area under each peak
corresponds to the number of chambers containing zero, one, two or
three enzymes. The resulting histogram was consistent with poisson
statistics, as expected for a random distribution of molecules inside

the chambers. The fitting parameter yielded the ratio of enzyme per
chamber, which in turn gave the true active enzyme concentration.
We observed that more than 70% of the introduced enzyme had
remained active. If the chambers were then opened and closed
again, activity was observed at a different, random position
(Fig. 3d,e). This shows that enzymes are not surface bound, but are
indeed free in solution throughout the assay. Thus, this device
detected catalytic outcomes of single enzymes without interfering
with their activity.

We have demonstrated the formation of femtoliter water volumes,
obtained by enclosing a liquid solution between a micropatterned
silicone sheet and a microscope glass slide. From the microscopic
observation of entrapped plastic beads, quantum dots or fluores-
cent 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 techni-
que represents an improvement of several orders of magnitude
compared with previous results13.

Figure 3 Detection of the activity of single b-
galactosidase molecules. (a) Fluorescent images
of the enzymatic activity in the chambers: b-Gal
hydrolyzes fluorescein-di-b-D-galactopyranoside
to fluorescein (see Supplementary Fig. 2 online).
A low concentration of the enzyme was dispersed
and enclosed in an array of 30-fl chambers.
Fluorescent images were recorded just after
closing the chambers (left panel), and 1 min
later (middle panel). The right panel, diff.,
shows the intensity difference between these
two images, in the form of a color gradient.
The intensities, which are proportional to the
enzymatic activity in each chamber, show a clear
quantization. (b) Continuous recording of b-Gal
activity. Using low light intensity, the fluorescent
increase in the same chambers is measured in a
continuous manner. After averaging the intensity
over 1 s, five representative chambers have
been plotted. Whereas (.) appears to contain
no enzyme, ("), (&) and (J) have one b-Gal
and (m) two. Over this time period, activity is
observed as a continuous increase in the product
concentration, showing that the enzymes are not
temporarily inactivated as a result of surface
interactions. (c) In the histogram the number
of chambers is plotted versus the increase in
concentration over 60 s (experiment in a). The
four peaks can be attributed to an occupancy
of 0, 1, 2 or 3 enzymes per chamber. They
were fitted with a sum of gaussians. The values
displayed next to each peak are the centers of
these gaussians, converted to specific activity
(s–1). The insert shows the occupancy distribution
for the experiment in a (b-Gal 30 ng/ml, in gray),
together with another experiment using a two-fold
concentration of the enzyme (60 ng/ml, light
gray). The bars show the ratio (x) of chambers
with an occupancy of N enzymes (N ¼ 0, 1, 2,
3). Spots are the fitting to the statistical poisson
distribution x ¼ mN.e!m/N!, where the parameter
m yields the average number of enzymes per
chamber. The good fit and quantitatively consistent m values (0.72 in gray and 1.51 in light gray, corresponding to 71% and 75% of the introduced protein
concentration) confirm the previous attribution. (d) By pressing a small area of the PDMS sheet with a glass needle, successive opening/closing rounds could
be performed, allowing the exchange of the content of each chamber. (e) Four successive rounds, showing that after each closing, b-Gal activity appeared at
random positions, thus ruling out nonspecific surface binding of the enzyme.

3.4

23.3

45.8
65.8 

Nu
m

be
r o

f c
ha

m
be

rs

0 1 2 3
0

40

80

PDMS

Occupancy

Ra
tio

 o
f c

ha
m

be
rs

0 1 2 3

0.2

0.4

0

60 ng/ml
30 ng/ml

200 300 400 500

30

26

22 O enzyme

1 enzyme

2 enzymes

5 µm

t = 0

10 min

DV

8 min

DV

5 min

DV

3 min

DV

t = 60 s diff.

Glass
β-Gal

Time (s)

Fl
uo

re
sc

en
t i

nt
en

sit
y 

(a
.u

.)

Concentration increase (10–7 M)

a

b

e

c d

NATURE BIOTECHNOLOGY VOLUME 23 NUMBER 3 MARCH 2005 363

L E T T E R S

©
20

05
 N

at
ur

e 
Pu

bl
is

hi
ng

 G
ro

up
  h

ttp
://

w
w

w
.n

at
ur

e.
co

m
/n

at
ur

eb
io

te
ch

no
lo

gy



Digital PCR
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A digital PCR array of 106 chambers provides a theoreti-
cal dynamic range of 7 logs (Supplementary Note 4 and 
Supplementary Fig. 4). To experimentally establish the response 
of the megapixel device, we measured the abundance of a single-
copy gene (RPPH1 on chromosome 14) over a tenfold serial dilu-
tion of human genomic DNA spanning six orders of magnitude 
in concentrations from 3 × 10−6 haploid genomes to ~2.4 haploid 
genomes per 10-pl chamber (~920 fg l−1 to ~780 ng l−1). The 
observed fraction of chambers showing increased fluorescence 
through PCR amplification (positive chambers) ranged from 
0.00028% to 90.8% and showed excellent agreement with the the-
oretical binomial response (R2 = 0.9978) (Supplementary Note 5  
and Fig. 2a). This is to our knowledge the first demonstration 
of robust single-molecule detection at total DNA concentration 
in excess of 30 ng l−1. By comparison, tube-based qPCR using 
the same reaction conditions showed both reaction inhibition at 
high template concentrations and nonspecific background sig-
nal in dilute samples, resulting in an effective dynamic range of 
approximately 104 (Supplementary Fig. 5). Although difficulties 
in concentrating genomic DNA beyond 1 g l−1 precluded mea-
surement of this template at higher concentrations, we performed  
experiments using a synthetic fragment of the RPPH1 gene over 
concentrations ranging from approximately 6 × 10−6 copies per 
chamber (1 aM) to 9.5 copies per chamber (1.6 pM). These were 
again in excellent agreement with the theoretical response (R2 = 
0.9999) (Fig. 2a). At the highest concentrations tested (Fig. 2a) 
we observed a fill factor of 99.994% before reaching saturation, 
corresponding to an average of 9.7 molecules per chamber.

Next we tested the sensitivity of the megapixel device in detect-
ing rare mutations, defined as the lowest measurable ratio of two 
target sequences differing by a single-nucleotide variation (SNV 
ratio). Two-color digital PCR measurements of mixtures of plas-
mids containing genes encoding wild-type JAK2 kinase and the 
V617F variant14 were accurate over relative dilutions ranging from 
1:1 to 1:10,000 (R2 = 0.9993) (Fig. 2b). We note that the lowest rela-
tive concentration measured (10−4) is comparable to the inherent 
error rate of Taq polymerase, and represents a fundamental limit 
for methods that use a preamplification step. However, polymerase 
errors in digital PCR without preamplification should result in the 
detection of both alleles. Thus we hypothesized that SNV detection 
at concentrations below the polymerase error rate would be pos-
sible by excluding double-positive chambers. To test this, we first 
loaded a single plasmid into 106 chambers at a concentration of 1.39 
copies per chamber (~75% positive wells) and detected a total of 

38 SNV false positives with detection of both probes in 36 of these 
chambers (94%), an observation that cannot be explained by random  
co-localization (P = 0.001; binomial test). We did not detect 
errors that occurred after the first two rounds of amplification 
(Supplementary Note 6 and Supplementary Figs. 6 and 7); assum-
ing an equal frequency of single-base substitutions, we estimated the 
polymerase error rate to be between 2.6 × 10−5 and 1.6 × 10−4 per 
base, which is in close agreement with previously reported values 
(~3 × 10−5 − 1.1 × 10−4 per base)7,15. We next loaded two 500,000-
chamber subarrays at relative allele concentrations of one or two 
in 100,000 alleles (concentration of ~1 plasmid per chamber), and 
detected a total of 5 and 11 isolated SNV-positive chambers. From 
this we determined the measured SNV ratio to be 2.7 × 10−5 and 5.9 ×  
10−5, respectively (Supplementary Note 7). This corresponds to  
a SNV detection limit of ~ 1:100,000 and is a 5,000-fold increase in 
sensitivity over off-chip qPCR measurements using an optimized 
genotyping assay14 (Supplementary Fig. 8).

An array of 1,000,000 chambers has the theoretical precision 
needed to discriminate a difference in relative concentration of 
0.6% with 99% sensitivity and 99% specificity (Supplementary 
Note 8 and Supplementary Fig. 9). Ten replicate measurements 
of normal human genomic DNA for two single-copy genes, 
RPPH1 and HLCS (the latter on chromosome 21), yielded mean 
copy numbers of 425,885 (s.d. = 652.6; n = 10) and 409,435 (s.d. =  
639.9) respectively, with an average ratio of HLCS/RPPH1 of 1.040 
(s.d. = 0.0027) (Fig. 2c). This precision is comparable to the theoret-
ical limit as determined by sampling noise. Independent measure-
ments of the same sample on different devices indicated a significant 
overrepresentation of the HLCS sequence (4.0%, P = 0.038;  
homoscedastic t-test). This bias was reduced to 1.5% when mea-
sured on a separate sample of genomic DNA, showing that the 
variation is a property of the template; the source of this sample-
specific imbalance is not clear but may be due to differences in 
DNA fragmentation state or the distribution of single- and double-
stranded template. We next evaluated the precision of our device in 
detecting small allelic imbalances by measuring the relative copy 
number of the HLCS and RPPH1 genes in normal human genomic 
DNA spiked with varying amounts of trisomy 21 (T21) genomic 
DNA ranging from 6% to 2% (Fig. 2d). We observed reproducible, 

a

c d

b

e

Figure 1 | Megapixel digital PCR using planar emulsion arrays. 
(a) Schematic of megapixel digital PCR device, with insets showing the 
array and chamber geometries. Hydration channels surrounding the 
array are shown in red. Scale bar, 3 mm. (b) Schematic of the layered 
device structure, showing the position of the embedded parylene C layer. 
(c) Optical micrograph of reaction chambers filled with blue dye (top) and 
after oil partitioning (arrow). Scale bar, 50 m. (d) Expanded view of a 
section of the device showing 342 chambers. The detection of HLCS and 
RPPH1 sequences from human genomic DNA is visible in green and blue, 
respectively. Separate fluorescence channels (middle) are shown from 
boxed region at the top. Intensity profile across the highlighted strip of 
five chambers is shown at the bottom. Scale bars, 50 m. (e) Histograms 
of normalized fluorescence intensities over 100,000 chambers. The total 
number of positive counts as well as the normalized mean and s.d. of 
fluorescence intensity (arbitrary units) are listed. The red line indicates 
the threshold used to classify ‘positive’ and ‘negative’ chambers. 

NATURE METHODS | VOL.8 NO.8 | AUGUST 2011 | 651

BRIEF COMMUNICATIONS

 reliable discrimination of 2% and 3% enrichment using subarrays of 
100,000 chambers, whereas 1% enrichment was only well-resolved 
using full 1,000,000-chamber arrays (Supplementary Table 1).

In addition to enabling new measurements in biomedical research 
and diagnostics, the dramatic increase in assay density in our device 
has important implications for the adoption of digital PCR as a 
 routine analytical tool. The 1,000,000 chambers may be subdivided 
into groups of 10,000 chambers, enabling absolute and precise digital 
PCR analysis on 100 samples per run at a cost and throughput compa-
rable to that of real-time PCR. This approach may be scaled to achieve 
tens of millions of reactions per device using the same footprint 
(Supplementary Note 9). Thus, we contend that megapixel digital 
PCR or similar high-density formats will ultimately replace real-time 
qPCR as the standard analytical tool for DNA measurement.

METHODS
Methods and any associated references are available in the online 
version of the paper at http://www.nature.com/naturemethods/.

Note: Supplementary information is available on the Nature Methods website.
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Figure 2 | Dynamic range, sensitivity and 
precision of megapixel digital PCR. (a) Digital 
PCR response for the RPPH1 gene measured 
from dilutions of DNA template and synthetic 
fragment of RPPH1 gene. Solid lines show 
fit to expected binomial distribution for 
synthetic fragment (R2 = 0.9999) and genomic 
DNA (R2 = 0.9978). Inset, the measured  
values for the synthetic fragment of RPPH1 
(molecules per chamber) at high fill factors 
(values indicated in the graph) plotted against 
expected values as determined by dilutions 
of the stock solution. Solid line shows linear 
regression ( y = 1.08x, R2 = 0.9992). (b) Digital 
PCR measurements of serial dilutions of two 
plasmids containing either the wild-type 
sequence or sequence encoding V617F JAK2 
at relative dilutions ranging from 1:1 to 
1:100,000. Measurements were on subarrays of 
105 chambers or 5 × 105 chambers. Rate of false 
positive SNV detection owing to polymerase 
errors is indicated by dashed line. (c) Replicate 
measurements of the abundance of the RPPH1 
and HLCS genes from a single sample of normal 
human genomic DNA (100,000 chambers) are 
plotted in the order of relative position across 
the array. Error bars represent theoretical noise 
calculated by propagating the binomial noise 
of each allele (one s.d.) through the ratio. 
(d) Ratios of the RPPH1 and HLCS gene for 
samples of normal human genomic DNA spiked 
with 2%, 4% or 6% T21 genomic DNA. All ratios are normalized by that obtained from a matched unspiked sample. Expected values are indicated  
(red lines). Error bars, theoretical precision defined as 1 s.d. of binomial noise in HLCS and RPPH1 measurements propagated through the ratio.
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fluorescence signal above background. In contrast, SiMoAs permit the 
detection of very low concentrations of enzyme labels by confining 
the fluorophores generated by individual enzymes to extremely small 
volumes (~50 fl), ensuring a high local concentration of fluorescent 
product molecules. To achieve this confinement in our assay, beads 
are loaded into an array of femtoliter-sized wells; we used 2-mm-wide 
arrays with ~50,000 wells, each with a diameter of 4.5 m and a depth 
of 3.25 m (Fig. 1c). After sealing the loaded arrays against a rubber 
gasket in the presence of a droplet of fluorogenic enzyme substrate, 
each bead is isolated in a femtoliter-volume reaction chamber. Beads 
possessing a single enzyme–labeled immunocomplex generate a high 
concentration of fluorescent product that is restricted to the 50-fl 
reaction chamber (Fig. 1d). By acquiring time-lapsed fluorescence 
images of the array using standard microscope optics, it is possi-
ble to distinguish beads associated with a single enzyme molecule 
(“on” well) from those not associated with an enzyme (“off ” well); 
Supplementary Figure 1 shows histograms of fluorescence from 
“on” and “off ” wells. Imaging the arrays allows simultaneous detec-
tion of tens to tens of thousands of single immunocomplexes. The 
protein concentration in the test sample is determined by counting 
the number of wells containing both a bead and fluorescent product 
relative to the total number of wells containing beads (Fig. 1d). As 
SiMoAs enable concentration to be determined digitally rather than 
by using the total analog signal, we call our approach to detecting 
single immunocomplexes digital ELISA.

We first assessed the intrinsic sensitivity of this strategy by creating 
populations of beads with well-characterized enzyme-to-bead ratios. 
We mixed 400,000 biotin-modified beads with a range of concentra-
tions of the enzyme conjugate streptavidin- -galactosidase (S G).  
For convenience, biotinylated beads were provided by hybridizing 
biotinylated DNA with beads functionalized with complementary 
DNA. (We note that this experiment should not be construed as a 
sensitive DNA assay; the sensitivity of such an assay is limited by 
nonspecific interactions between the enzyme conjugate and surface-
bound DNA as shown in Supplementary Fig. 2.) These beads were 
detected in two different ways. First, we assayed an ensemble of beads 
in 100 l using a fluorescence plate reader after 1 h incubation with 
100 M resorufin- -d-galactopyranoside (RGP), a fluorogenic sub-
strate for -galactosidase. The detection limit for enzyme on the plate 
reader was 15 fM of S G (Fig. 2). Second, we loaded the beads into 
femtoliter-volume well arrays and, after sealing a solution of RGP 

into the wells of the array, allowed the signal from single enzymes to 
accumulate in the reaction chambers for 2.5 min, acquiring fluores-
cent images every 30 s. At the end of the experiment we used an image 
of the array that was acquired in white light to identify wells that 
contained beads (bead-containing wells scatter light differently than 
empty wells). The fluorescent images were used to determine which 
of those beads had an associated bound enzyme (from increasing 
intensity in time-lapsed fluorescent images). Figure 2 shows a log-log 
plot of the percentage of beads that contained an enzyme as a function 
of bulk S G concentration. The lowest concentration of enzyme con-
jugate detected was 350 zeptomolar (zM) and the calculated limit of 
detection (LOD)—determined by extrapolating the enzyme concen-
tration at a signal equal to background plus 3 s.d. of the background 
signal—was 220 zM. The sensitivity of SiMoAs to intrinsic label was, 
therefore, ~10–20 enzymes in 100 l, corresponding to an increase in 
sensitivity over ensemble measurements using a typical ELISA-plate 
reader of a factor of about 68,000. For comparison, chemiluminescent 
detection of alkaline phosphatase4, a highly sensitive enzyme reporter 
system widely used in clinical diagnostics, has an LOD of about 30 aM 
(see <http://www.turnerbiosystems.com/doc/appnotes/S_0096.php>). 
The high sensitivity that arises from the thermodynamic and kinetic 
efficiency of the capture and detection processes in our approach are 
discussed below and detailed in Supplementary Table 1.

The linear dynamic range of digital detection of enzyme labels by 
SiMoAs is determined by the ability to distinguish “on” and “off ” 
wells. At ratios of enzyme to beads of less than ~1:10, Poisson statis-
tics show that the only statistically significant populations of beads 
are those carrying either one enzyme or no enzyme. Single enzymes 
can be detected provided that sufficient beads are interrogated and 
the number of active beads rises above the Poisson noise of counting 
active beads. At ratios of enzyme to beads greater than ~1:10, the 
fraction of active beads becomes much higher, and Poisson statis-
tics show that there are a significant number of beads with multiple 
enzymes. To quantify the number of detected enzymes and maintain 
linearity in the subpopulations of beads with multiple enzymes, we 
use Poisson statistics to convert the number of active beads to the 
number of detected enzymes (see Supplementary Table 1). As the 
percentage of active beads approaches 50% (ratios of enzyme to beads 
greater than ~1:1.5), however, distinguishing “on” and “off ” wells 
using image analysis software becomes challenging, and we reach a 
practical upper limit of the digital dynamic range. For example, the 
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AntigenMagnetic
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biotin tag

Streptavidin- -
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1. Enzyme substrate

10 m

2. Seal silicone gasket

1.

a

b

c

d

2.

3.

100 m

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 m diameter) were 
loaded into an array of wells with diameters of 
4.5 m and depths of 3.25 m. (d) Fluorescence 
image of a small section of the femtoliter-volume 
well array after signals from single enzymes are 
generated. Whereas the majority of femtoliter-
volume 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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signal at 7 fM (~45% active) in Figure 2 deviates from linearity. As 
a result, the digital, linear dynamic range demonstrated here using 
50,000 wells spanned approximately four orders of magnitude (from 
3.5 fM down to 350 zM). Provided that proteins are labeled using 
appropriate enzyme concentrations (see below), this dynamic range 
is sufficient for many clinical applications.

We have developed digital ELISAs for two clinically relevant 
 proteins—PSA and tumor necrosis factor-  (TNF- )—to determine 
the sensitivity of the approach for detecting proteins in blood. The 
critical parameters in developing these assays were the concentrations 
of the beads and the two labeling reagents (detection antibody and 
enzyme conjugate). The choice of bead concentration depends on 
several competing factors. First, a sufficient number of beads must 
be present to capture most of the target analyte from thermodynamic 
and kinetic perspectives. Thermodynamically, 200,000 beads in  
100 l, each of which has ~80,000 antibodies25 bound to it, equates 
to an antibody concentration of about 0.3 nM. The antibody-protein 
equilibrium at that concentration permits a high capture efficiency 
(>70%) (D.M.R., E.P.F., D.C.D., unpublished work). Kinetically, for 
200,000 beads dispersed in 100 l, the average distance between beads 
is about 80 m. Proteins the size of TNF-  and PSA (17.3 and 30 kDa, 
respectively) will diffuse 80 m in <1 min, suggesting that capture of 
the protein molecules will not be limited kinetically over a 2-h incu-
bation. 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 

1% active beads (see below), this loading results in a background 
signal of 200–300 active beads detected, corresponding to an accept-
able coefficient of variation (CV) from Poisson noise of 6–7%. Third, 
excessive bead concentrations can lead to both increases in non-
specific binding that reduces signal-to-background and low ratios  
of analyte to beads that can result in high CVs from Poisson noise. 
The balance of these factors means that 200,000 to 1,000,000 beads per 
100 l of test sample is optimal for digital ELISA. The concentrations 
of detection antibody and enzyme conjugate were also minimized 
to yield the acceptable background signal (1%) and Poisson noise 
(Supplementary Discussion).

Figure 3 shows data from digital ELISAs for PSA and TNF- . 
The human forms of the proteins were spiked into 25% bovine 
serum to final concentrations representative of clinical test sam-
ples. A fourfold dilution factor is typically used to reduce matrix 
effects in immunoassays4. Using digital ELISA to detect PSA in 
25% serum, we obtained an LOD of ~50 aM (1.5 fg/ml), which 
equates to an LOD in whole serum of ~200 aM (6 fg/ml). The low-
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 

Figure 2 Digitization of enzyme-linked 
complexes greatly increases sensitivity 
compared with bulk, ensemble measurements. 
(a) Log-log plot of signal output (% active  
beads for single-molecule array (SiMoA) or 
relative fluorescence units (r.f.u.) for plate 
reader) as a function of the concentration of 
streptavidin- -galactosidase (S G) captured on 
biotinylated beads. S G concentrations for  
the ensemble readout ranged from 3 fM to  
300 fM, with a detection limit of 15 × 10−15 M  
(15 fM; green broken line). For the SiMoA  
assay, S G concentrations ranged from 350 zM  
to 7 fM, demonstrating a linear response of 
~10,000-fold, with a calculated detection limit of 220 × 10−21 M (220 zM; red broken line). Error bars are based on the s.d. over three replicates for 
both technologies. LODs were determined by extrapolating the concentration from the signal equal to background signal plus 3 s.d. of the background 
signal. (b) The imprecision from SiMoAs is determined by the Poisson noise of counting single events. The intrinsic variation (Poisson noise) of counting 
single active beads is given by n. Comparing the Poisson noise–associated coefficient of variation (%CV = n/n) with the SiMoA %CV over three 
measurements confirmed that the imprecision of the assay is determined by counting error.
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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-  (TNF- ) 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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Digital - Analog Immunoassays

overlooked aspect is the development of portable and low-cost
device control and readout instrumentation. Another case of a
multiplexed platform is the blood barcode chip reported by Fan
et al. that achieved multiplexed protein biomarker detection
from 10 μL whole blood samples diluted to 90 μL with buffer.9

Device readout required an expensive research grade DNA
microarray scanner restricting its use to point-of-care (POC)
applications. A further report described a nanoplasmonic
electrical field enhanced resonating device (NE2RD), which
achieved an impressive LOD of ∼23 fM (400 fg/mL) for
detecting interferon-γ in human serum and a dynamic range of
8 orders of magnitude.10 It thus meets the criteria of high LOD
and dynamic range, but NE2RD does not support multiplexed
analysis of biomarkers and requires a sample volume of 100 μL
per analyzed biomarker.
Research and clinical laboratories have extensively used

enzyme-linked immunosorbent assays (ELISA) for protein
detection. To enable the use of standard ELISA microplate
based tests in resource-limited settings, Berg and co-workers
created a hand-held cellphone-based colorimetric microplate
reader, which illuminates a 96-well plate with a light-emitting-
diode (LED) array. This LED light is transmitted through each
well, and is then collected via 96 individual optical fibers. They
tested this platform in a clinical microbiology laboratory using
FDA-approved mumps IgG, measles IgG, and herpes simplex
virus IgG (HSV-1 and HSV-2) ELISA tests.8 However, the

method uses standard ELISA assays for detection of the
biomarkers, which require large sample and reagent volumes,
prohibiting multiplexed, sensitive analysis of ultralow volume
samples, and the assays require numerous pipetting steps.
Digital immunoassays have emerged as a robust technology

for sub-picomolar detection of proteins.11−15 These assays
usually use beads placed into micrometer-sized wells or
droplets to isolate individual target molecules. Rissin et al.
used microbeads coupled with antibodies and enzymes to
detect low-abundance proteins. Their digital ELISA approach
detected proteins in 100 μL serum sample at concentrations as
low as 0.4 fM.11 Their method was then extended to
simultaneously detect TNF-α, IL-6, IL-1α, and IL-1β in
human plasma at sub-femtomolar concentrations.12 Shim et
al. reported a microfluidic droplet-based approach enabling
single-molecule-counting immunoassay. The femtoliter droplets
produced with their device could be used to encapsulate single
biomolecular complexes tagged with a reporter enzyme. Their
prototype system was validated by detection of a biomarker for
prostate cancer in buffer, down to a concentration of 46 fM.13

Lastly, Ge et al. showed that the concept of Brownian trapping
with drift could be applied to improve quantitative molecular
measurements. Their approach has the potential to combine
high-sensitivity, broad dynamic range, and end-point readout.
This concept was tested with enzyme and TNF-α measure-
ments in a microfluidic device.14 Although many of the

Figure 1. Digital−analog hybrid, multiplexed microfluidic diagnostic device. (A) Schematic of the device flow (blue and green) and control
(gray) layers. The chip consists of four rows; each with four assay units allowing a total of 16 independent assays to be performed on each
device. (B) Each assay unit contains two reagent chambers, an assay chamber, isolation valves, a peristaltic pump, and a MITOMI button.
Fluorescence images of the analog and the digital MITOMI buttons. Schematic cross-section of the MITOMI detection area: a sandwich
immunoassay is performed with either fluorophore-labeled (analog MITOMI) or enzyme-conjugated (digital MITOMI) antibodies. (C)
Increasing analyte concentrations lead to increasing numbers of positive femtowells in a digital measurement, and to increasing signal
densities in analog measurements. (D) The schematic plot shows how a broad dynamic range can be achieved by combining digital and analog
measurements in the hybrid device. Scale bars: 150 μm.
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Home-based Diagnostics?

negative control. A similar result was obtained when testing the
presence of anti-Reston GP IgG, which was more specific
(Figure 4F−H). The negative control sample showed no
appreciable signal for any of the viral species tested (Figure 4I−

K). Digital-MITOMI thus provides a sensitive approach for
rapid multiplexed diagnostic testing of biomarkers in human
serum samples in a POC setting. By increasing the sample flow
times from the above used 10−60 min drastically improve the

Figure 5. Portable, low-cost μFluidic Diagnostics System. (A) Approximately 5 μL of a whole blood sample obtained by a pinprick is aspirated
with a microhematocrit tube and (B) transferred to a single use microfluidic diagnostic device. (C) Image of the μFluidic Diagnostic System
consisting of a microfluidic control system (box on the left), a fluorescence USB microscope, a device (center), and a netbook (right). (D)
Schematic of the GFP sandwich assays performed on the microfluidic device and detected with analog amplification, and analog-MITOMI.
(E) Detection of GFP in 2% BSA PBS buffer solution with concentrations ranging from 500 fM to 5 nM. Analog amplification and analog
MITOMI detection of GFP. Data were obtained with a fluorescence USB microscope. LODs were determined from the signal of a negative
control plus 3 standard deviations. (F) Representative fluorescence images of one assay unit taken with the USB microscope for different
concentrations of GFP in 2% BSA PBS using the analog amplification method. Scale bar: 350 μm.

ACS Nano Article

DOI: 10.1021/acsnano.5b07939
ACS Nano XXXX, XXX, XXX−XXX

F

Piraino et al., ACS Nano, 2016.



Artificial Organs  
(Organs-on-Chip)

Huh et al. LOC (2012).

biomedical, pharmaceutical, and environmental safety testing

applications, as well as challenges for the field that must be

overcome to translate these technologies into useful products in

the future.

Reconstituting tissue–tissue interfaces

Early efforts to microengineer cell culture systems focused on

microfabricating adhesive substrates that provide controlled

microenvironments for control of cell shape, position, growth,

and expression of differentiated tissue-specific functions.7,8 As

defined here, ‘differentiation’ refers to a process in which a cell or

tissue undergoes structural and/or functional changes so that it

exhibits specialized properties that more closely resemble the

behaviors of similar cells within living tissues in vivo. Advances

over the past decade in soft lithography-based microfabrication

and microfluidics have made it possible to develop more

sophisticated cell culture environments that recreate the complex

3D microarchitecture of living tissues and organs. For example,

during the past two years, replica molding techniques – the

transfer of topographical patterns from a microfabricated

‘master’ substrate into another deformable material to form an

inverse mold – have been used to build a poly(dimethylsiloxane)

(PDMS) microdevice containing microfabricated structures that

mimics the structural complexity of the endothelial–epithelial

interface that forms the liver sinusoid (Fig. 1).9 The geometry of

this engineered tissue interface was optimized to approximate the

blood flow rate of the liver and to align rat hepatocytes (liver

epithelial cells) as they do along the endothelium-lined sinusoidal

barrier in vivo. Interestingly, simply reconstituting the micro-

architecture of this tissue–tissue interface was sufficient to induce

cultured hepatocytes to self-organize into hepatic cord-like

structures and form functional bile canaliculi in vitro even in

the absence of living endothelium.

A simplified kidney model for analysis of kidney transport

barrier functions also was created by stacking two microfabri-

cated PDMS chambers, separating them using a thin porous

membrane, and then culturing rat renal tubular epithelial cells on

the upper surface of the membrane (Fig. 1).10 Culture of kidney

cells in the device under physiologically relevant levels of

microfluidic flow greatly enhanced tissue polarization and

induced formation of fully differentiated and polarized kidney

epithelium. Laser ablation and hydrogel-based sacrificial replica

molding techniques were used in another study to produce

microscale 3D collagen scaffolds that replicate the geometry of

human intestinal villi.11 Culture of human Caco-2 intestinal

epithelial cells on these scaffolds produced 3D epithelial

structures with morphologies similar to those exhibited by villi

of the human jejunum; however, the functional relevance of this

response remains to be determined. A similar approach based on

PDMS replica molding was used to create a microfabricated

breast model.12 This system consists of a network of branched

microchannels lined with polarized human mammary epithelial

cells that mimics the ductal system of the human mammary

gland with the goal of developing a more physiological in vitro

model for testing new breast cancer detection methods and

Fig. 1 Mimicking tissue–tissue and organ–organ interfaces in organomimetic microdevices. LIVER CHIP: A microfluidic liver chip was created with cell

culture and flow chambers separated by a microfabricated baffle as a barrier that separates cultured hepatocytes from fluid flow to mimic the

endothelial-hepatocyte interface of the liver sinusoid. The geometry of the cell culture chamber promotes linear alignment of hepatocytes in two lines,

which facilitates the production of functional bile canaliculi along hepatic-cord-like structures. Reproduced from ref. 9 with permission. KIDNEY

CHIP: A simplified kidney-on-a-chip that mimics the interface between epithelium and flowing urine was created by bonding a microfabricated PDMS

channel and a PDMS well to a common semi-permeable membrane on which collecting duct epithelial cells are cultured and subjected to fluid flow.

Reproduced from ref. 10 with permission. LUNG CHIP: A human breathing lung-on-a-chip was fabricated from PDMS that reconstitutes the

structural organization, mechanical activity, and physiological functionality of the alveolar-capillary interface of the living human lung. This was

accomplished by bisecting a central microfluidic channel horizontally with a porous flexible PDMS membrane, coating it with ECM, and culturing

human alveolar epithelial cells on one side and pulmonary microvascular endothelial cells on the other. These tissues also were exposed to physiological

mechanical forces that mimic breathing movements and blood flow by applying cyclic suction to the hollow side chambers and flowing medium through

the capillary channel, respectively (also see Fig. 2). Reproduced from ref. 13 with permission. BODY CHIP: A microfluidic device containing multiple

linked tissue types representing different organs was constructed by sealing three microfabricated silicon cell culture chambers against a plastic cover.

Each cell culture chamber contains a 3D ECM gel containing living cells from a different organ. Medium was recirculated through the chambers via

linked microfluidic channels during operation. Reproduced from ref. 35 with permission.

This journal is ! The Royal Society of Chemistry 2012 Lab Chip, 2012, 12, 2156–2164 | 2157
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biomedical, pharmaceutical, and environmental safety testing

applications, as well as challenges for the field that must be

overcome to translate these technologies into useful products in

the future.

Reconstituting tissue–tissue interfaces

Early efforts to microengineer cell culture systems focused on

microfabricating adhesive substrates that provide controlled

microenvironments for control of cell shape, position, growth,

and expression of differentiated tissue-specific functions.7,8 As

defined here, ‘differentiation’ refers to a process in which a cell or

tissue undergoes structural and/or functional changes so that it

exhibits specialized properties that more closely resemble the

behaviors of similar cells within living tissues in vivo. Advances

over the past decade in soft lithography-based microfabrication

and microfluidics have made it possible to develop more

sophisticated cell culture environments that recreate the complex

3D microarchitecture of living tissues and organs. For example,

during the past two years, replica molding techniques – the

transfer of topographical patterns from a microfabricated

‘master’ substrate into another deformable material to form an

inverse mold – have been used to build a poly(dimethylsiloxane)

(PDMS) microdevice containing microfabricated structures that

mimics the structural complexity of the endothelial–epithelial

interface that forms the liver sinusoid (Fig. 1).9 The geometry of

this engineered tissue interface was optimized to approximate the

blood flow rate of the liver and to align rat hepatocytes (liver

epithelial cells) as they do along the endothelium-lined sinusoidal

barrier in vivo. Interestingly, simply reconstituting the micro-

architecture of this tissue–tissue interface was sufficient to induce

cultured hepatocytes to self-organize into hepatic cord-like

structures and form functional bile canaliculi in vitro even in

the absence of living endothelium.

A simplified kidney model for analysis of kidney transport

barrier functions also was created by stacking two microfabri-

cated PDMS chambers, separating them using a thin porous

membrane, and then culturing rat renal tubular epithelial cells on

the upper surface of the membrane (Fig. 1).10 Culture of kidney

cells in the device under physiologically relevant levels of

microfluidic flow greatly enhanced tissue polarization and

induced formation of fully differentiated and polarized kidney

epithelium. Laser ablation and hydrogel-based sacrificial replica

molding techniques were used in another study to produce

microscale 3D collagen scaffolds that replicate the geometry of

human intestinal villi.11 Culture of human Caco-2 intestinal

epithelial cells on these scaffolds produced 3D epithelial

structures with morphologies similar to those exhibited by villi

of the human jejunum; however, the functional relevance of this

response remains to be determined. A similar approach based on

PDMS replica molding was used to create a microfabricated

breast model.12 This system consists of a network of branched

microchannels lined with polarized human mammary epithelial

cells that mimics the ductal system of the human mammary

gland with the goal of developing a more physiological in vitro

model for testing new breast cancer detection methods and

Fig. 1 Mimicking tissue–tissue and organ–organ interfaces in organomimetic microdevices. LIVER CHIP: A microfluidic liver chip was created with cell

culture and flow chambers separated by a microfabricated baffle as a barrier that separates cultured hepatocytes from fluid flow to mimic the

endothelial-hepatocyte interface of the liver sinusoid. The geometry of the cell culture chamber promotes linear alignment of hepatocytes in two lines,

which facilitates the production of functional bile canaliculi along hepatic-cord-like structures. Reproduced from ref. 9 with permission. KIDNEY

CHIP: A simplified kidney-on-a-chip that mimics the interface between epithelium and flowing urine was created by bonding a microfabricated PDMS

channel and a PDMS well to a common semi-permeable membrane on which collecting duct epithelial cells are cultured and subjected to fluid flow.

Reproduced from ref. 10 with permission. LUNG CHIP: A human breathing lung-on-a-chip was fabricated from PDMS that reconstitutes the

structural organization, mechanical activity, and physiological functionality of the alveolar-capillary interface of the living human lung. This was

accomplished by bisecting a central microfluidic channel horizontally with a porous flexible PDMS membrane, coating it with ECM, and culturing

human alveolar epithelial cells on one side and pulmonary microvascular endothelial cells on the other. These tissues also were exposed to physiological

mechanical forces that mimic breathing movements and blood flow by applying cyclic suction to the hollow side chambers and flowing medium through

the capillary channel, respectively (also see Fig. 2). Reproduced from ref. 13 with permission. BODY CHIP: A microfluidic device containing multiple

linked tissue types representing different organs was constructed by sealing three microfabricated silicon cell culture chambers against a plastic cover.

Each cell culture chamber contains a 3D ECM gel containing living cells from a different organ. Medium was recirculated through the chambers via

linked microfluidic channels during operation. Reproduced from ref. 35 with permission.
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testing. If successful, this new screening technology would

transform the field of environmental toxicity evaluation by

shortening testing times, decreasing costs, and informing

regulatory decision-making agencies (e.g., EPA) earlier in the

process with more predictive human relevant data. A similar

approach could be used to determine biopharmaceutical and

chemical safety in the manufacturing pipeline, or be used for

water testing.

Another driving force behind the need for organ-on-chip

alternatives is the change in the regulatory climate. The 2007

European Union regulatory policy on chemicals and their safe

use – REACH (Registration, Evaluation, Authorization and

Restriction of Chemical substances) – aims to increase informa-

tion regarding the safety and hazards posed by chemicals for

human health and the environment.43 Implementation of the

REACH regulation requires that the number of animal tests be

minimized, and that in vivo testing should be avoided and only

carried out as a last resort. This is further fueling the need to find

alternative testing models to animals.

One of the key elements required for implementing organ-on-

chip models in pharmaceutical screening, environmental safety

testing, or regulatory studies is to carry out in vitro studies using

these microsystems with compounds and drugs that have already

been extensively characterized in humans. In this way, the safety

and toxicity response measured in vitro can be validated in terms

of their ability to predict human responses in vivo. Thus,

extensive additional supporting data will need to be generated,

likely in close collaboration with the pharmaceutical industry

and regulatory authorities, in order to build the confidence all

parties will require before these novel organomimetic systems

could be accepted as true alternatives to existing animal models.

Thus, it is likely that development of clinically relevant

endpoints and the ability to extrapolate data obtained in vitro to

results in humans will be key determinants of the future success

of organ-on-chip technologies. In addition to ensuring relevant

endpoints are measured and validated, investigators in this field

will need to develop pharmacokinetic and pharmacodynamic

(PK/PD) models to extrapolate clinically relevant behavior

profiles from in vitro data. These PK/PD models will need to

include mathematical models of individual organ chips to

account for device geometry, cell and tissue properties, fluid

and solid mechanics, and perfusion, as well as cell transport and

metabolic activities. They also must be able to consider the

contributions of convection, diffusion, and chemical reactions, as

well as transport of free/bound drug, adsorption on surfaces (e.g.

air/mucus), transport across barriers, ECM adhesion, cell

membrane binding, and intracellular distribution and processing,

in order to establish relevant in vitro–in vivo correlations.

Despite the many desirable properties of PDMS for the

development of microfluidic systems (e.g., simple fabrication,

high biocompatibility, optical transparency and flexibility), the

use of PDMS could raise problems for drug discovery applica-

tions because it can absorb small hydrophobic molecules,

including certain drugs, fluorescent dyes, or cell signaling

molecules.44 This might result in reduction of effective drug

concentrations, cross-contamination, lower detection sensitiv-

ities, and higher background fluorescence. In addition, PDMS is

not optimal for scaling up manufacturing of microfluidic devices,

and residual uncrosslinked oligomers may leach from PDMS

and interact with cells and culture medium.45 Therefore, it will be

essential to identify alternative materials with similar properties,

particularly for drug discovery applications, in the future.

Another challenge for these technologies is to identify supplies

of optimal human cells for each organ application. In cases

where there are no appropriate cell lines or primary cells are not

practical options, stem-cell derived inducible pluripotent (iPS)

cells or embryonic stem (ES) cells may provide alterative solution

in the future. However, while progress is being made in this

rapidly developing field, much work is still required to drive

most existing stem cells from their characteristic neonate-like

state to a more mature adult differentiated phenotype. Again,

the ability of more sophisticated organs-on-chips to provide

organ-relevant chemical and mechanical microenvironments

could help overcome this limitation by promoting stem cell

differentiation in situ within the devices.

Despite the considerable advances in the development of the

microengineered tissue and organ models described here, the

challenge of integrating multiple organ chips in a physiologically

relevant way to model whole human physiology remains a huge

challenge. ‘‘Plug-and-play’’ instrumentation will need to be

developed that not only supports fluidic connections of multiple

chips and integration in a physiologically relevant manner, but

also provides appropriate systems for real-time control, mon-

itoring, visualization and feedback, as well as sample collection

and analysis (Fig. 3). Successful commercial adoption of organ-

on-chip technologies will be highly dependent on the instru-

mentation that is developed. The ultimate instrument also should

provide a user interface that is easy to use, enables automation,

Fig. 3 Schematic of an integrated multi-organ systems instrument. Ten

different organ chips can be integrated within a single device through

linkages to a microfluidic circulatory system. A blood substitute is

perfused through the entire system, and in-line valves (white X-circles)

can be selectively opened or closed to regulate flows and pressures to

each organ, and to couple flows between different organ combinations.

Environmental monitors and pressure regulators and pumps need also to

be included in the system to ensure continuous flow and maintenance of

physiologically relevant conditions. Automated integration of multiple

organ chips in a physiologically relevant manner will increase utility and

impact of the organ-on-chip technology.

2162 | Lab Chip, 2012, 12, 2156–2164 This journal is ! The Royal Society of Chemistry 2012

D
ow

nl
oa

de
d 

by
 E

CO
LE

 P
O

LY
TE

CH
N

IC
 F

ED
 D

E 
LA

U
SA

N
N

E 
on

 2
3 

O
ct

ob
er

 2
01

2
Pu

bl
ish

ed
 o

n 
03

 M
ay

 2
01

2 
on

 h
ttp

://
pu

bs
.rs

c.
or

g 
| d

oi
:1

0.
10

39
/C

2L
C4

00
89

H

View Online

Artificial Organs  
(Organs-on-Chip)



NATURE BIOTECHNOLOGY VOLUME 35 NUMBER 7 JULY 2017 653

L E T T E R S

Bacteria can be engineered to function as diagnostics or 
therapeutics in the mammalian gut but commercial translation 
of technologies to accomplish this has been hindered by the 
susceptibility of synthetic genetic circuits to mutation and 
unpredictable function during extended gut colonization. Here, 
we report stable, engineered bacterial strains that maintain 
their function for 6 months in the mouse gut. We engineered a 
commensal murine Escherichia coli strain to detect tetrathionate, 
which is produced during inflammation. Using our engineered 
diagnostic strain, which retains memory of exposure in the gut 
for analysis by fecal testing, we detected tetrathionate in both 
infection-induced and genetic mouse models of inflammation 
over 6 months. The synthetic genetic circuits in the engineered 
strain were genetically stable and functioned as intended over 
time. The durable performance of these strains confirms the 
potential of engineered bacteria as living diagnostics.

Bacteria in the gut microbiome can sense, respond to and manipu-
late the mammalian gut environment. Recombinant probiotics that 
have been engineered to exploit these features show promise as 
therapeutics and diagnostics for inflammatory bowel disease (IBD), 
autoimmune diabetes, obesity and other conditions1. However, engi-
neered, live bacterial diagnostics and therapies have been tested only 
under non-colonizing conditions in the guts of model organisms and 
humans. Furthermore, engineered bacteria for other applications such 
as tumor-targeted strains of Salmonella enterica serovar Typhimurium 
(hereafter referred to as Salmonella typhimurium) are cleared from the 
body within ~1 month in mouse and non-human primate models2. 
If recombinant probiotic bacterial strains could colonize the mam-
malian gut and function for extended periods, the potential for trans-
lation of such technologies to humans would be vastly improved1. 
Unfortunately, the burden that synthetic genetic circuits place on their 
bacterial hosts3 can result in compensatory genetic mutations4, loss 
of engineered function5 or lack of growth of the recombinant strain3 
in a host- and environment-dependent manner6,7.

Live, engineered bacteria can be used as non-invasive diagnostics to 
detect transient (or highly localized) molecules in the gut, or as thera-

peutics. The gut environment is largely inaccessible, and products of 
digestion or those released by the host or microbiome can be modi-
fied by the microbiome, or absorbed by the host, before excretion. 
Several bacterial strains have been engineered to detect transient gene 
expression in the laboratory8–11 and in vivo for up to 12 d12,13. We 
previously engineered E. coli to record exposure to tetracycline and its 
analogs12. Our engineered strain contained two circuits, an environ-
mentally responsive promoter driving Cro protein expression, which 
functioned as a ‘trigger’, and a Cro-inducible CI/Cro transcriptional 
switch derived from phage lambda, which functioned as a ‘memory 
element’12. The engineered E. coli detected anhydrotetracycline in 
the mouse gut and retained memory of this for up to 7 d following 
removal of the signal. However, the engineered strain responded to 
tetracycline derivatives, which might alter the microbiome through 
toxicity, thereby preventing meaningful long-term analysis of strain 
stability and function in a physiologically relevant environment.

Here, we report the design of a trigger circuit that can detect and 
respond to tetrathionate. Tetrathionate is a transient product of 
reactive oxygen species (ROS), which are produced during inflam-
mation14. Our aim was to develop a strain that could detect this 
inflammatory marker and study the ability of the strain to colonize 
and function in the murine gut over an extended time period.

The conversion of thiosulfate, which is produced from hydrogen 
sulfide, into tetrathionate in the mouse intestine has been reported 
during inflammation induced by S. typhimurium14 and Yersinia ente-
rocolitica15 (Supplementary Fig. 1). Tetrathionate is detected in these 
bacteria by the TtrR/TtrS two-component system16 and can be used 
as a terminal electron acceptor for anaerobic respiration, providing a 
growth advantage to these pathogens during inflammation14,15,17,18. 
A range of other bacteria, including pathogens, may also be able to 
grow preferentially using tetrathionate19. Increased production of 
tetrathionate in mice deficient in toll-like receptor-1 (ref. 15) and 
an enrichment of tetrathionate utilization genes in the microbiota 
of a Tbet−/−Rag−/− mouse ulcerative colitis (TRUC) model20 point 
to the potential of tetrathionate as a general marker of inflamma-
tion. However, non-invasive detection of tetrathionate is not possible, 
which has limited further investigation.

Engineered bacteria can function in the mammalian 
gut long-term as live diagnostics of inflammation
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We engineered the commensal mouse E. coli strain NGF-1 to detect 
tetrathionate (Fig. 1a). Briefly, we constructed a trigger element using 
ttrR/S genes and the PttrBCA promoter from S. typhimurium to drive 
Cro expression, and inserted it into the genome of strain PAS637, 

already containing our previously published memory circuit12, 
thereby creating E. coli strain PAS638 (Fig. 1a and Supplementary 
Table 1). All synthetic constructs were integrated into the chro-
mosome of E. coli strain NGF-1 to reduce burden and allow long-
term circuit retention without selection. Engineered strain PAS638  
exhibits ‘memory’ upon tetrathionate exposure, by driving Cro and  

-galactosidase ( -gal) expression from the synthetic memory ele-
ment and maintaining their expression in the absence of tetrathionate.  
We induced memory during anaerobic growth in liquid culture by 
adding tetrathionate, which should activate expression through 
PttrBCA in the trigger element and switch the memory element from 
the off (CI+/Cro and -gal−) to the on (Cro and -gal+/CI−) state  
(Fig. 1b). We quantified the response of the circuit by plating 
tetrathionate-activated cultures onto solid media containing 5-bromo-
4-chloro-3-indolyl- -d-galactopyranoside (X-gal), which turns blue 
in the presence of -gal. Plating in the absence of tetrathionate and 
under aerobic conditions allowed optimal maturation of the X-gal 
indicator plates as well as ensuring only colonies retaining a record of 
tetrathionate exposure were counted (Fig. 1b). PAS638 bacteria were 
effectively induced by tetrathionate (EC50: 0.38–0.85 M; 95% CI), 
whereas the control strain, PAS637 (Supplementary Table 1), which 
does not contain the PttrBCA-cro trigger, showed no on/off switching 
even at saturating concentrations of 2 mM tetrathionate (Fig. 1c).

Having validated that PAS638 could record tetrathionate exposure 
in vitro, we next tested the ability of PAS638 to detect tetrathionate  
in vivo using a murine S. typhimurium-induced colitis model21 
(Fig. 1d). The presence of inflammation, specifically ROS, causes 
elevated levels of tetrathionate that are rapidly reduced to thiosulfate 
by wild-type S. typhimurium strains, but not by strains deficient in 
tetrathionate-reduction capacity14. We pre-treated C57Bl/6 mice with 
streptomycin to reduce colonization resistance for S. typhimurium  
in the colon, and introduced by oral gavage PAS638, PAS638 with  
S. typhimurium or PAS638 with a S. typhimurium ttrR variant that is 
unable to express tetrathionate reductase (Fig. 1d and Supplementary 
Table 1)18. Fecal samples were collected at days 2–5 after bacterial 
administration. PAS638 did not switch on -gal expression in con-
trol and S. typhimurium-infected mice (Fig. 1e). However, when 
PAS638 was co-administered with S. typhimurium ttrR, switching 
was increased, with 4/7 mice showing a higher proportion of mem-
ory-on colonies than any samples from control mice on days 4–5 
post-infection (Fig. 1e and Supplementary Fig. 2a). Colony forming 
unit (CFU) counts for PAS638 E. coli (Supplementary Fig. 2b) and  
S. typhimurium variants (Supplementary Fig. 2c) were generally con-
sistent between groups and showed no correlation with switching. We 
hypothesized that the mice in which PAS638 was switched on should 
also show signs of more acute inflammation.

We independently validated the presence of inflammation in the 
colitis model using quantification of the lipocalin-2 (LCN-2) biomar-
ker (Supplementary Fig. 2d)22 and blinded histopathology scoring of 
cecum and colon sections (Supplementary Fig. 2e,f). Taken together 
these techniques identified inflammation in all mice infected with  
S. typhimurium or S. typhimurium ttrR14. Of note, mice infected with 
S. typhimurium ttrR in which memory-on state PAS638 colonies 
were detected had significantly (P = 0.03) higher cumulative LCN-2 
values at day 4 post-infection than those in which PAS638 remained 
off (Fig. 1f). These results show that our engineered memory strain 
specifically senses tetrathionate and that tetrathionate sensing cor-
responds to a more acute inflammatory response in vivo.

Next, we set out to use PAS638 to further probe the pathways 
required for tetrathionate production. The Cytochrome B-245 Beta 
Chain gene (cybb; also known as gp91phox and Nox2), which encodes 
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Figure 1 Engineering a tetrathionate-responsive memory device in  
E. coli NGF-1. (a) A bacterial memory device, PAS638, was constructed 
in mouse commensal E. coli NGF-1. S. typhimurium ttrR/S and PttrBCA 
drive Cro ‘trigger’ expression to switch a phage-lambda-based memory 
circuit12. In the presence of tetrathionate, TtrS becomes phosphorylated, 
in turn phosphorylating TtrR, which activates expression through PttrBCA 
in anaerobic conditions. Cro protein expression switches memory ON, 
accompanied by lacZ reporter expression. (b) Testing of in vitro memory. 
(c) A dose–response curve of PAS638 (EC50: 0.38–0.85 M; 95% 
CI) but no response of the triggerless control PAS637 strain. Graph 
shows individual values from six replicate colonies from two separate 
experiments, nonlinear fit  s.e.m. (d) PAS638 and S. typhimurium 
14028s (S. tm) bacteria were administered by oral gavage to mice  
one day after streptomycin treatment, and fecal samples were analyzed  
days 2–5 after administration. Green star: fecal sample collected.  
(e) Specific response of PAS638 on day 4 and/or 5 when co-infected  
with S. typhimurium ttrR bacteria (n = 7) but not control (n = 7) or  
S. typhimurium WT bacteria (n = 6). (f) Cumulative LCN-2 levels in mice 
administered PAS638 plus S. typhimurium ttrR were higher in mice with 
PAS638 response (green lines) than in those without (black lines). Graph 
shows plots for individual mice (dotted) and ON or OFF averages (solid 
lines). **t-ratio(5) = 4.3, P = 0.03 using multiple Student’s t-tests with 
Holm–Sidak multiple comparisons test, and each time point analyzed 
individually without assuming a consistent s.d. Day (d)2 (t-ratio(5) = 1.2, 
P = 0.3), d3 (t-ratio(5) = 2.5, P = 0.1) and d5 (t-ratio(5) = 2.3, P = 0.1) 
were not significantly different.
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sistent between groups and showed no correlation with switching. We 
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S. typhimurium ttrR in which memory-on state PAS638 colonies 
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Chain gene (cybb; also known as gp91phox and Nox2), which encodes 
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Figure 1 Engineering a tetrathionate-responsive memory device in  
E. coli NGF-1. (a) A bacterial memory device, PAS638, was constructed 
in mouse commensal E. coli NGF-1. S. typhimurium ttrR/S and PttrBCA 
drive Cro ‘trigger’ expression to switch a phage-lambda-based memory 
circuit12. In the presence of tetrathionate, TtrS becomes phosphorylated, 
in turn phosphorylating TtrR, which activates expression through PttrBCA 
in anaerobic conditions. Cro protein expression switches memory ON, 
accompanied by lacZ reporter expression. (b) Testing of in vitro memory. 
(c) A dose–response curve of PAS638 (EC50: 0.38–0.85 M; 95% 
CI) but no response of the triggerless control PAS637 strain. Graph 
shows individual values from six replicate colonies from two separate 
experiments, nonlinear fit  s.e.m. (d) PAS638 and S. typhimurium 
14028s (S. tm) bacteria were administered by oral gavage to mice  
one day after streptomycin treatment, and fecal samples were analyzed  
days 2–5 after administration. Green star: fecal sample collected.  
(e) Specific response of PAS638 on day 4 and/or 5 when co-infected  
with S. typhimurium ttrR bacteria (n = 7) but not control (n = 7) or  
S. typhimurium WT bacteria (n = 6). (f) Cumulative LCN-2 levels in mice 
administered PAS638 plus S. typhimurium ttrR were higher in mice with 
PAS638 response (green lines) than in those without (black lines). Graph 
shows plots for individual mice (dotted) and ON or OFF averages (solid 
lines). **t-ratio(5) = 4.3, P = 0.03 using multiple Student’s t-tests with 
Holm–Sidak multiple comparisons test, and each time point analyzed 
individually without assuming a consistent s.d. Day (d)2 (t-ratio(5) = 1.2, 
P = 0.3), d3 (t-ratio(5) = 2.5, P = 0.1) and d5 (t-ratio(5) = 2.3, P = 0.1) 
were not significantly different.



How to come up with a 
“start-up” idea

• First think of a useful project. What is needed? 
Then, think of a potential solution.

• Diagnostics: clinical, POC, home-based, field-
based? What is going to be measured and why?

• Information/data based projects?
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