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microfluidics for chemistry 
(… & a little biology)

Andrew deMello, ETH Zürich
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“microfluidics describes the behaviour, control and manipulation of 
fluids that are geometrically constrained within sub-microliter 

environments…

…the use of microfluidic devices offers an opportunity to control 
physical and chemical processes with unrivalled precision, and in turn 
provides a route to performing chemistry and biology in an ultra-fast 

and high-efficiency manner”

microfluidics?
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why miniaturize?
� cost economies through micromachining � reduced sample/reagent & power consumption � portability �

“superior quality and rate of generation of chemical and biological information”

Anal. Comm. 2001, 36, 213

Angewandte Chemie 2007, 119, 2933

� superior performance (speed, efficiency & control) � facile process integration & 
automation � high analytical throughput � functionality �
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fluid flow on 
the small scale

Chem, 2, 2017, 201; Nature Chemistry, 5, 2013, 905 

• large surface area-to-volume ratios allow for highly 
efficient mass & heat transfer.

• mass and energy are transferred quickly when creating or 
homogenizing solute & temperature gradients.

• as scale decreases fluids are increasingly influenced by 
viscosity rather than inertia, which leads to laminar flow.

• high surface area-to-volume ratios ensure that surface 
tension influences and dominates fluid behaviour. 

Whitesides Group, Harvard University
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the beginning: Stanford GC chip

column width  200 um
column depth  30 um
column length  1.5 m

chromatogram of 7 
hydrocarbons using 

a silicone oil 
stationary phase 

and helium carrier

IEEE Trans. Electon Devices, 1979, 12, 1880

12

3
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000

000

chromatography on a chip

Sensors & Actuators B1, 1990, 249

000 column length   15 cm
cross-section   6 um x 2 um
column volume  1.5 nL  
detection volume 1.2 pL 
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000 000

000

Analytical Chemistry, 1998, 70, 4974

making microfluidic devices is easy
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continuous flow PCR
• 20-cycle PCR of DNA gyrase gene of Neisseria gonorrhoeae in times as low as 90 seconds.
• utility compromised by high surface area-to-volumes and residence time distributions.

Chemical Amplification:
Continuous-Flow PCR on a Chip

Martin U. Kopp, Andrew J. de Mello, Andreas Manz*

A micromachined chemical amplifier was successfully used to perform the polymerase
chain reaction (PCR) in continuous flow at high speed. The device is analogous to an
electronic amplifier and relies on the movement of sample through thermostated tem-
perature zones on a glass microchip. Input and output of material (DNA) is continuous,
and amplification is independent of input concentration. A 20-cycle PCR amplification
of a 176–base pair fragment from the DNA gyrase gene of Neisseria gonorrhoeae was
performed at various flow rates, resulting in total reaction times of 90 seconds to 18.7
minutes.

Electronic amplifiers allow weak signals to
be increased by a large constant factor with
the same time dependency and virtually no
time delay. Although some biochemical sys-
tems, such as hormonal signaling, lead to
large amplifications, they often do so non-
linearly and with time delays. A true chem-
ical amplifier, which would continuously
amplify the concentration of a compound
independent of the input concentration,
could be extremely useful in analysis and
process control. In particular, a capillary-
shaped chemical reactor with its inherent
low-dispersion characteristics could main-
tain the shape of analyte peaks injected
sequentially, yielding the amplified product
in the same volume element. Unlike elec-
tronic amplification, additional molecules
must be synthesized from building blocks or
transformed from precursor species. This
process involves both chemical reaction ki-
netics and diffusion-limited mass transport,
and will lead to more significant time delays
than those in an electronic amplifier.

This chemical amplifier concept could be
applied to a number of known reactions, such
as self-activating enzymatic reactions, cyclic
electrochemical reactions, and polymeriza-
tions. We have focused on PCR (1), which
doubles the number of specific DNA mole-
cules during each cycle of melting of the
double-stranded DNA (dsDNA), binding of
the specific primers to their target sites (an-
nealing), and extending of the primers with
the thermostable DNA polymerase (such as
Taq). The individual steps are simply per-
formed by heating or cooling the sample to
characteristic temperatures: 95°C for dsDNA
melting, 50° to 65°C for primer annealing,
and 72° to 77°C for primer extension at the
optimum enzyme temperature. Convention-
ally, this process is performed with a program-
mable instrument that heats and cools a tube,

capillary, or slide containing the reagent mix-
ture. The product is then analyzed by an
endpoint measurement or directly used for
cloning and sequencing.

PCR represents a perfect model reaction
for a chemical amplifier. Conventional
thermal cyclers are based on batch processes
and therefore do not represent a chemical
amplifier in the previously described sense.
Here, we present a microfabricated device

performing PCR in a continuous flow at
high speed. The results demonstrate the
concept of a chemical amplifier for DNA.

The speed of thermal cycling is usually
instrument limited, except for a commercial
system that uses an air stream to heat and
cool sealed glass capillaries containing the
PCR mixture; this system has demonstrated
high thermal cycling speeds and efficient am-
plification (2). More recently, several groups
have reported high cycling speeds for PCR
and the ligase chain reaction (LCR) with
various designs of micromachined heating
chambers (3, 4). Micromachining can be
defined as the patterning of silicon and its
derivatives to create three-dimensional mi-
crostructures. A wide range of microreactors,
microcapillary electrophoresis devices, and
microcell manipulation devices have been
described in recent years (5).

A continuous-flow PCR system can be
realized by a time-space conversion in the
PCR system—that is, by keeping tempera-
tures constant over time at different loca-
tions in the system and moving the sample
through the individual temperature zones
(Fig. 1A). The time delay for the sample to

Zeneca/SmithKline Beecham Centre for Analytical Sci-
ences, Department of Chemistry, Imperial College of Sci-
ence, Technology and Medicine, London SW7 2AY, UK.

*To whom correspondence should be addressed. E-mail:
a.manz@ic.ac.uk
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Fig. 1. Chip layout. (A) Schematic of a chip for flow-
through PCR. Three well-defined zones are kept at
95°, 77°, and 60°C by means of thermostated copper
blocks. The sample is hydrostatically pumped through
a single channel etched into the glass chip. The chan-
nel passing through the three temperature zones defines the thermal cycling process. (B) Layout of the
device used in this study. The device has three inlets on the left side of the device and one outlet to the right.
Only two inlets are used: one carrying the sample, the other bringing a constant buffer flow. The whole chip
incorporates 20 identical cycles, except that the first one includes a threefold increase in DNA melting time.
The chip was fabricated in Corning 0211 glass at the Alberta Microelectronic Centre, Canada. All channels
are 40 !m deep and 90 !m wide; the etched glass chip and the cover plate are each 0.55 mm thick.
Access to the channels is provided by holes (400 !m) drilled into the cover plate. Standard fused-silica
capillaries (outside diameter 375 !m, inside diameter 100 !m) are glued with epoxy into the holes of the
chip. Virtually no dead volume is introduced by this connection. Two precision syringe pumps (Kloehn
50300, 25 !l) deliver the PCR sample and the buffer solution onto the chip. The pumps are controlled by
a program written in Labview running on a PC. Product is collected at the outlet capillary and then analyzed
by slab-gel electrophoresis. The copper blocks are heated by 5-W heating cartridges, and the surface
temperature is monitored by a Pt100 thin-film resistor mounted on the surface of the block near the chip
contact area. Cooling fins passively cool the two blocks at 77° and 60°C. The temperature controllers are
built with standard PID (proportional, integral, and derivative) digital temperature controllers (CAL 3200),
power supplies, and switching electronics for the heating cartridges.
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buffer sample

product

reach a new temperature depends only on
the times needed to transport the sample
into the appropriate temperature zone to
heat a fluid element in the capillary. Accord-
ing to Fick’s law (6), the time needed for
heat dissipation is directly proportional to
the second power of the channel depth for a
flat rectangular channel, assuming that the
thermostated copper blocks and chip repre-
sent an infinite heat capacity relative to the
heated fluid element (see Fig. 1B for instru-
ment layout). Simple calculations have dem-
onstrated that, in our micromachined de-
vice, heating and cooling times are each less
than 100 ms.

The flow-through PCR system is based on
a single channel passing repetitively through
the three temperature zones (Fig. 1). The
pattern of the chip layout determines the
relative time a fluid element is exposed to
each temperature zone. Moreover, the pat-
tern defines the number of cycles n per-
formed per run through the chip; the theo-
retical DNA amplification factor is thus 2n.
We used a chip that generates 20 identical
cycles, each having a time ratio of 4:4:9
(melting:annealing:extension), for a theoret-
ical amplification factor of 220 (Fig. 1B); the
first cycle contained a threefold extended
melting time to ensure proper accessibility of
the template DNA. Two of the three inlets of
the chip were used for the continuous buffer
flow and the sample injection (the third inlet
was not used in these experiments). All fluids
were pumped by hydrostatic pressure; the
channel dimensions (40 !m by 90 !m by
2.2 m) were such that a pressure drop of 1 bar
over the whole chip resulted in a flow-
through time of 4 min for the 20 cycles.

The channel walls in the chip were si-
lanized with dichlorodimethylsilane to re-
duce adsorption of enzyme and DNA to the
glass surface; a zwitterionic buffer and a non-
ionic surfactant were used as the PCR buffer
to impart a dynamic coating (7). Primers
were used that defined a 176–base pair (bp)
product from the quinolone resistance–deter-
mining region of the Neisseria gonorrhoeae
DNA gyrase gene (gyrA); the template used
was a 1-kbp PCR fragment from the same
gene. The chip was run with flow rates rang-
ing from 5.8 to 72.9 nl/s, which represents a
total flow-through time of 18.7 to 1.5 min for
20 cycles. For each amplification, 10 !l of
PCR mixture was injected and collected at
the outlet of the chip for analysis. As a
reference, the PCR mixture (10 !l) was run
on a fast commercial thermal cycler (Hybaid,
PCR-Express) with an overall cycling time of
50 min for 20 cycles. The collected samples
were analyzed by an 8% (29:1) polyacryl-
amide gel stained with ethidium bromide.
Fluorescence was imaged by a charge-cou-
pled-device camera and quantitatively ana-
lyzed with the ImageQuant software package
(Fig. 2A).

The results demonstrate that with a very
simple device and virtually no optimization,
PCR can be performed in continuous flow,
yielding product quality and quantity compa-
rable to standard thermal cycling methods
(Fig. 2B). A negative control (Fig. 2A, lane
9), containing the whole PCR mixture ex-
cept for the template, was run at a flow rate
that should yield high amplification (for ex-
ample, Fig. 2A, lane 4) subsequent to a sam-
ple run at high template concentration. No
product could be detected, which is not sur-

prising because the location of high DNA
concentration (the last few cycles of amplifi-
cation) and the location of the first few crit-
ical amplification cycles were spatially sepa-
rated. We suggest that cross-contamination
in a continuous-flow format may be much
less of a problem than in a stationary-tube
PCR format. Thus, a flow-through PCR chip
can be reused for extended periods without
major cleaning. All runs in this study were
done on the same chip by alternately inject-
ing volumes of sample and buffer at a ratio of
1:0.8.

Very small samples can be run on the
system. The only constraint is that the sam-
ple plug must be large enough for accurate
injection into the channel, and this can be
accomplished with sample plug volumes on
the order of a few nanoliters. Because mul-
tiple sample plugs can travel at the same
speed through the same chip, the potential
throughput of a single device can be greatly
increased.

To build a complex system analogous to
an electronic integrated circuit, it is neces-
sary to integrate a variety of other continu-
ously working parts. A cursory glance at
developments in miniaturized total analysis
systems (!TAS) during the past 5 years re-
veals that most of the relevant components,
such as continuous-flow mixers (8), contin-
uous-flow microreactors (9), continuous sep-
arations (10), and high-speed capillary gel
electrophoresis (as a conventional batch pro-
cess), have already been presented (11). Ac-
cordingly, the continuous-flow microampli-
fier should allow the creation of highly elab-
orate analysis and synthesis systems.

Although chemical amplification reac-
tors will obviously not be applicable to all
reactions, neither will they be limited to
PCR. Devices of this kind open up whole
new areas of application in medical diag-
nostics. For example, the online amplifi-
cation and monitoring of a specific gene
could show the patient’s ability to metab-
olize a given drug so as to determine the
ideal course of therapy. On-site analysis of
patient samples could demonstrate the
presence of bacterial DNA and any sus-
ceptibility to antibiotic treatment.
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Fig. 2. (A) PCR products by flow-through thermal
cycling. All PCR reactions were performed with the
same PCR mixture: 10 mM tricine (pH 8.4), 0.01%
(w/v) Tween 20, 50 mM KCl, 0.2 mM deoxynucle-
otide triphosphate, 1.5 mM MgCl2, 1.4 !M polyvi-
nylpyrrolidone, 1 !M primers (5"-TGCACCGGC-
GCGTACTGTA-3", 5"-CATCACATAACGCATAGC-
3"), Taq (0.25 U/!l), and #108 copies of template.
Lane 1: Reference PCR performed in a very rapid
commercial thermocycler (Hybaid, PCR Express)
with a cycling time of 50 min for 20 cycles. Lanes 2 to
8: Flow-through PCR with increasing flow rates, 5.8
to 72.9 nl/s, corresponding to cycling times of 18.8
to 1.5 min for 20 cycles. Lane 9: negative control;
PCR mixture without template run at a flow rate of
15.6 nl/s (as in lane 4) just after a run with normal
template concentration. The rightmost lane is a 100-
bp DNA ladder (15628-019, Gibco BRL). (B) Fluo-
rescence was integrated over the indicated areas in
(A) with ImageQuant software. Values were normal-
ized to the fluorescence of the product from the
reference cycler (100%) and plotted against their to-
tal cycling time, that is, the time needed for a fluid
element to pass through the 20 cycles of the chip.
Because on each run 10 !l had been collected for
slab-gel analysis, the overall run time increased by the time needed to accumulate this large volume. Numbers
correspond to the lanes in (A). A logarithmic regression was fitted to the data points.
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Chemical Amplification:
Continuous-Flow PCR on a Chip

Martin U. Kopp, Andrew J. de Mello, Andreas Manz*

A micromachined chemical amplifier was successfully used to perform the polymerase
chain reaction (PCR) in continuous flow at high speed. The device is analogous to an
electronic amplifier and relies on the movement of sample through thermostated tem-
perature zones on a glass microchip. Input and output of material (DNA) is continuous,
and amplification is independent of input concentration. A 20-cycle PCR amplification
of a 176–base pair fragment from the DNA gyrase gene of Neisseria gonorrhoeae was
performed at various flow rates, resulting in total reaction times of 90 seconds to 18.7
minutes.

Electronic amplifiers allow weak signals to
be increased by a large constant factor with
the same time dependency and virtually no
time delay. Although some biochemical sys-
tems, such as hormonal signaling, lead to
large amplifications, they often do so non-
linearly and with time delays. A true chem-
ical amplifier, which would continuously
amplify the concentration of a compound
independent of the input concentration,
could be extremely useful in analysis and
process control. In particular, a capillary-
shaped chemical reactor with its inherent
low-dispersion characteristics could main-
tain the shape of analyte peaks injected
sequentially, yielding the amplified product
in the same volume element. Unlike elec-
tronic amplification, additional molecules
must be synthesized from building blocks or
transformed from precursor species. This
process involves both chemical reaction ki-
netics and diffusion-limited mass transport,
and will lead to more significant time delays
than those in an electronic amplifier.

This chemical amplifier concept could be
applied to a number of known reactions, such
as self-activating enzymatic reactions, cyclic
electrochemical reactions, and polymeriza-
tions. We have focused on PCR (1), which
doubles the number of specific DNA mole-
cules during each cycle of melting of the
double-stranded DNA (dsDNA), binding of
the specific primers to their target sites (an-
nealing), and extending of the primers with
the thermostable DNA polymerase (such as
Taq). The individual steps are simply per-
formed by heating or cooling the sample to
characteristic temperatures: 95°C for dsDNA
melting, 50° to 65°C for primer annealing,
and 72° to 77°C for primer extension at the
optimum enzyme temperature. Convention-
ally, this process is performed with a program-
mable instrument that heats and cools a tube,

capillary, or slide containing the reagent mix-
ture. The product is then analyzed by an
endpoint measurement or directly used for
cloning and sequencing.

PCR represents a perfect model reaction
for a chemical amplifier. Conventional
thermal cyclers are based on batch processes
and therefore do not represent a chemical
amplifier in the previously described sense.
Here, we present a microfabricated device

performing PCR in a continuous flow at
high speed. The results demonstrate the
concept of a chemical amplifier for DNA.

The speed of thermal cycling is usually
instrument limited, except for a commercial
system that uses an air stream to heat and
cool sealed glass capillaries containing the
PCR mixture; this system has demonstrated
high thermal cycling speeds and efficient am-
plification (2). More recently, several groups
have reported high cycling speeds for PCR
and the ligase chain reaction (LCR) with
various designs of micromachined heating
chambers (3, 4). Micromachining can be
defined as the patterning of silicon and its
derivatives to create three-dimensional mi-
crostructures. A wide range of microreactors,
microcapillary electrophoresis devices, and
microcell manipulation devices have been
described in recent years (5).

A continuous-flow PCR system can be
realized by a time-space conversion in the
PCR system—that is, by keeping tempera-
tures constant over time at different loca-
tions in the system and moving the sample
through the individual temperature zones
(Fig. 1A). The time delay for the sample to
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Fig. 1. Chip layout. (A) Schematic of a chip for flow-
through PCR. Three well-defined zones are kept at
95°, 77°, and 60°C by means of thermostated copper
blocks. The sample is hydrostatically pumped through
a single channel etched into the glass chip. The chan-
nel passing through the three temperature zones defines the thermal cycling process. (B) Layout of the
device used in this study. The device has three inlets on the left side of the device and one outlet to the right.
Only two inlets are used: one carrying the sample, the other bringing a constant buffer flow. The whole chip
incorporates 20 identical cycles, except that the first one includes a threefold increase in DNA melting time.
The chip was fabricated in Corning 0211 glass at the Alberta Microelectronic Centre, Canada. All channels
are 40 !m deep and 90 !m wide; the etched glass chip and the cover plate are each 0.55 mm thick.
Access to the channels is provided by holes (400 !m) drilled into the cover plate. Standard fused-silica
capillaries (outside diameter 375 !m, inside diameter 100 !m) are glued with epoxy into the holes of the
chip. Virtually no dead volume is introduced by this connection. Two precision syringe pumps (Kloehn
50300, 25 !l) deliver the PCR sample and the buffer solution onto the chip. The pumps are controlled by
a program written in Labview running on a PC. Product is collected at the outlet capillary and then analyzed
by slab-gel electrophoresis. The copper blocks are heated by 5-W heating cartridges, and the surface
temperature is monitored by a Pt100 thin-film resistor mounted on the surface of the block near the chip
contact area. Cooling fins passively cool the two blocks at 77° and 60°C. The temperature controllers are
built with standard PID (proportional, integral, and derivative) digital temperature controllers (CAL 3200),
power supplies, and switching electronics for the heating cartridges.
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bottom-up 
nanocrystal 

synthesis
• nanoparticles are characterized by crystal radii which are 

small relative to Bohr radius → tunable optical and 
electronic properties.

• properties depend on the size & shape of nanoparticles.

• high monodispersity needed for many applications.

• current synthetic routes are complex & rely on 
constrained growth, kinetic control or post hoc product 
selection to yield high quality particles. 

• rapid nucleation and controlled growth enabled by 
ensuring rapid reagent mixing and uniform reaction 
conditions.
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Chemical Communications, 2002, 1136, ACS Nano 2018, 12, 5504

University of Utah
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• aim is to create an autonomous ‘black-box’ system 
to controllably synthesize nanoparticles.

• the system incorporates a reactor, detector, control 
algorithm and a means of changing system 

variables (such as temperature, reaction time and 
reagent concentration).

• the system is updated in a way that aims to 
minimize a scalar dissatisfaction coefficient 

describing an observation.
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directly comparable. As anticipated, the 3D search consistently

locates particles that emit with higher intensities. At shorter

wavelengths, the gains are modest as the 2D measurements

were performed at a relatively high temperature of 220 uC
which tends to yield fairly high quality particles. At longer

wavelengths, however, the improvement is substantial with the

3D optimization yielding an approximately two fold improve-

ment relative to the 2D case. The fact that the algorithm

requires just a hundred measurements to achieve this is

encouraging and indicates the effectiveness of the control

algorithm.

In conclusion, we have described an automated reactor for

synthesising fluorescent CdSe quantum dots that, for a selected

emission wavelength, emit with optimal intensity. The dots are

prepared by the direct reaction of CdO and Se in a y-shaped

microfluidic reactor. The emission spectra of the emergent

particles are fed into a control algorithm which reduces each

spectrum to a scalar dissatisfaction coefficient, and then

updates the reaction conditions in an effort to minimise its

value and so drive the system towards the desired outcome.

The control algorithm uses a response surface to interpolate

between existing data points and hence identify promising

evaluation points. In some respects, this resembles the way in

which a human operator would instinctively search for the

optimum reaction conditions. The complexity of the task,

however, increases rapidly as the parameter count increases.

Hence, although it might be possible to manually identify the

optimum for the 2D situation in Fig. 2, to do so for the 3D

situation in Fig. 4 would prove substantially harder. Yet this is

the exact challenge that synthesis chemists implicitly face in

standard bench-top preparations (in which situation, more-

over, they do not typically benefit from the control and ‘dial-

up’ convenience of microfluidic reactors). In such circum-

stances, the probability of ending up in a non-global

optimum—i.e. one that yields an exact match to the

wavelength but delivers a sub-optimal intensity—is clearly

high.{
The approach described above is an important first step

towards simplifying and automating nanoparticle production

but there is still considerable scope for development, most

Fig. 5 (a) The variation of the dissatisfaction coefficient (black markers) and ybest (red markers) with the measurement number N for the data in

Fig. 4. The optimum DC value of 0.185 is obtained after 71 measurements. The horizontal blue dotted line denotes the median DC value of 0.31.

The inset histogram again indicates a bias towards small DC values. ybest changes at N = 2, 6, 19, 21, 22, 27, 29, 35, 45 and 71, and the

corresponding emission spectra are shown in (b). The spectra again show a progressive improvement in terms of intensity and wavelength-match as

the DC value decreases. The inset shows a magnified image of the band-edge emission peak for measurement 71 with the vertical dotted line

indicating the target wavelength.

Table 2 Table summarising results obtained for 3D optimisation with different target wavelengthsa

Target/nm Nmeas FCdO/ml min21 FSe/ml min21 T/uC R = Cd/Se DC N* l0/nm I0/a.u. |l0 2 lt|/nm

500 106 31.920 7.980 241 1.05 0.21 72 502.5 0.090 2.5
510 106 3.040 0.760 172 1.05 0.19 106 510.3 0.060 0.3
520 106 17.290 7.410 236 0.61 0.18 106 519.9 0.080 0.1
530 106 8.230 10.770 228 0.20 0.19 71 530.0 0.070 0.0
540 106 3.040 0.760 209 1.05 0.17 61 540.6 0.210 0.6
550 106 3.040 0.760 237 1.05 0.12 60 549.6 0.420 0.4
a Symbols as defined for Table 1.

{ This issue can be partially mitigated—at the expense of time and
energy—by extended annealing of the final product at high tempera-
tures to eliminate crystal defects and so improve quantum efficiencies.
This, however, risks inducing changes in the emission wavelength.
Alternatively, capping the CdSe core with a wide band-gap material
can reduce the quenching effects of defects.

This journal is ! The Royal Society of Chemistry 2007 Lab Chip, 2007, 7, 1434–1441 | 1439
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directly comparable. As anticipated, the 3D search consistently

locates particles that emit with higher intensities. At shorter

wavelengths, the gains are modest as the 2D measurements

were performed at a relatively high temperature of 220 uC
which tends to yield fairly high quality particles. At longer

wavelengths, however, the improvement is substantial with the

3D optimization yielding an approximately two fold improve-

ment relative to the 2D case. The fact that the algorithm

requires just a hundred measurements to achieve this is

encouraging and indicates the effectiveness of the control

algorithm.

In conclusion, we have described an automated reactor for

synthesising fluorescent CdSe quantum dots that, for a selected

emission wavelength, emit with optimal intensity. The dots are

prepared by the direct reaction of CdO and Se in a y-shaped

microfluidic reactor. The emission spectra of the emergent

particles are fed into a control algorithm which reduces each

spectrum to a scalar dissatisfaction coefficient, and then

updates the reaction conditions in an effort to minimise its

value and so drive the system towards the desired outcome.

The control algorithm uses a response surface to interpolate

between existing data points and hence identify promising

evaluation points. In some respects, this resembles the way in

which a human operator would instinctively search for the

optimum reaction conditions. The complexity of the task,

however, increases rapidly as the parameter count increases.

Hence, although it might be possible to manually identify the

optimum for the 2D situation in Fig. 2, to do so for the 3D

situation in Fig. 4 would prove substantially harder. Yet this is

the exact challenge that synthesis chemists implicitly face in

standard bench-top preparations (in which situation, more-

over, they do not typically benefit from the control and ‘dial-

up’ convenience of microfluidic reactors). In such circum-

stances, the probability of ending up in a non-global

optimum—i.e. one that yields an exact match to the

wavelength but delivers a sub-optimal intensity—is clearly

high.{
The approach described above is an important first step

towards simplifying and automating nanoparticle production

but there is still considerable scope for development, most

Fig. 5 (a) The variation of the dissatisfaction coefficient (black markers) and ybest (red markers) with the measurement number N for the data in

Fig. 4. The optimum DC value of 0.185 is obtained after 71 measurements. The horizontal blue dotted line denotes the median DC value of 0.31.

The inset histogram again indicates a bias towards small DC values. ybest changes at N = 2, 6, 19, 21, 22, 27, 29, 35, 45 and 71, and the

corresponding emission spectra are shown in (b). The spectra again show a progressive improvement in terms of intensity and wavelength-match as

the DC value decreases. The inset shows a magnified image of the band-edge emission peak for measurement 71 with the vertical dotted line

indicating the target wavelength.

Table 2 Table summarising results obtained for 3D optimisation with different target wavelengthsa

Target/nm Nmeas FCdO/ml min21 FSe/ml min21 T/uC R = Cd/Se DC N* l0/nm I0/a.u. |l0 2 lt|/nm

500 106 31.920 7.980 241 1.05 0.21 72 502.5 0.090 2.5
510 106 3.040 0.760 172 1.05 0.19 106 510.3 0.060 0.3
520 106 17.290 7.410 236 0.61 0.18 106 519.9 0.080 0.1
530 106 8.230 10.770 228 0.20 0.19 71 530.0 0.070 0.0
540 106 3.040 0.760 209 1.05 0.17 61 540.6 0.210 0.6
550 106 3.040 0.760 237 1.05 0.12 60 549.6 0.420 0.4
a Symbols as defined for Table 1.

{ This issue can be partially mitigated—at the expense of time and
energy—by extended annealing of the final product at high tempera-
tures to eliminate crystal defects and so improve quantum efficiencies.
This, however, risks inducing changes in the emission wavelength.
Alternatively, capping the CdSe core with a wide band-gap material
can reduce the quenching effects of defects.

This journal is ! The Royal Society of Chemistry 2007 Lab Chip, 2007, 7, 1434–1441 | 1439
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directly comparable. As anticipated, the 3D search consistently

locates particles that emit with higher intensities. At shorter

wavelengths, the gains are modest as the 2D measurements

were performed at a relatively high temperature of 220 uC
which tends to yield fairly high quality particles. At longer

wavelengths, however, the improvement is substantial with the

3D optimization yielding an approximately two fold improve-

ment relative to the 2D case. The fact that the algorithm

requires just a hundred measurements to achieve this is

encouraging and indicates the effectiveness of the control

algorithm.

In conclusion, we have described an automated reactor for

synthesising fluorescent CdSe quantum dots that, for a selected

emission wavelength, emit with optimal intensity. The dots are

prepared by the direct reaction of CdO and Se in a y-shaped

microfluidic reactor. The emission spectra of the emergent

particles are fed into a control algorithm which reduces each

spectrum to a scalar dissatisfaction coefficient, and then

updates the reaction conditions in an effort to minimise its

value and so drive the system towards the desired outcome.

The control algorithm uses a response surface to interpolate

between existing data points and hence identify promising

evaluation points. In some respects, this resembles the way in

which a human operator would instinctively search for the

optimum reaction conditions. The complexity of the task,

however, increases rapidly as the parameter count increases.

Hence, although it might be possible to manually identify the

optimum for the 2D situation in Fig. 2, to do so for the 3D

situation in Fig. 4 would prove substantially harder. Yet this is

the exact challenge that synthesis chemists implicitly face in

standard bench-top preparations (in which situation, more-

over, they do not typically benefit from the control and ‘dial-

up’ convenience of microfluidic reactors). In such circum-

stances, the probability of ending up in a non-global

optimum—i.e. one that yields an exact match to the

wavelength but delivers a sub-optimal intensity—is clearly

high.{
The approach described above is an important first step

towards simplifying and automating nanoparticle production

but there is still considerable scope for development, most

Fig. 5 (a) The variation of the dissatisfaction coefficient (black markers) and ybest (red markers) with the measurement number N for the data in

Fig. 4. The optimum DC value of 0.185 is obtained after 71 measurements. The horizontal blue dotted line denotes the median DC value of 0.31.

The inset histogram again indicates a bias towards small DC values. ybest changes at N = 2, 6, 19, 21, 22, 27, 29, 35, 45 and 71, and the

corresponding emission spectra are shown in (b). The spectra again show a progressive improvement in terms of intensity and wavelength-match as

the DC value decreases. The inset shows a magnified image of the band-edge emission peak for measurement 71 with the vertical dotted line

indicating the target wavelength.

Table 2 Table summarising results obtained for 3D optimisation with different target wavelengthsa

Target/nm Nmeas FCdO/ml min21 FSe/ml min21 T/uC R = Cd/Se DC N* l0/nm I0/a.u. |l0 2 lt|/nm

500 106 31.920 7.980 241 1.05 0.21 72 502.5 0.090 2.5
510 106 3.040 0.760 172 1.05 0.19 106 510.3 0.060 0.3
520 106 17.290 7.410 236 0.61 0.18 106 519.9 0.080 0.1
530 106 8.230 10.770 228 0.20 0.19 71 530.0 0.070 0.0
540 106 3.040 0.760 209 1.05 0.17 61 540.6 0.210 0.6
550 106 3.040 0.760 237 1.05 0.12 60 549.6 0.420 0.4
a Symbols as defined for Table 1.

{ This issue can be partially mitigated—at the expense of time and
energy—by extended annealing of the final product at high tempera-
tures to eliminate crystal defects and so improve quantum efficiencies.
This, however, risks inducing changes in the emission wavelength.
Alternatively, capping the CdSe core with a wide band-gap material
can reduce the quenching effects of defects.
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droplet-based
microfluidics

• droplets are completely isolated and define individual 
chemical/biological reactors.

• droplets can be generated using passive tools such as 
flow-focusing geometries and tee-junctions.

• droplet volumes can be defined with precision (i.e. 
monodisperse).

• mass transport occurs without dispersion (no residence 
time distributions).

• droplet size and payload can be varied rapidly and 

precisely.

• droplets can be generated at frequencies > 1 kHz.
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Predictive model for the size of bubbles and droplets created in microfluidic
T-junctions

Volkert van Steijn,*a Chris R. Kleijna and Michiel T. Kreutzerb

Received 8th February 2010, Accepted 16th June 2010

DOI: 10.1039/c002625e

We present a closed-form expression that allows the reader to predict the size of bubbles and droplets

created in T-junctions without fitting. Despite the wide use of microfluidic devices to create bubbles and

droplets, a physically sound expression for the size of bubbles and droplets, key in many applications,

did not yet exist. The theoretical foundation of our expression comprises three main ingredients:

continuity, geometrics and recently gained understanding of the mechanism which leads to pinch-off.

Our simple theoretical model explains why the size of bubbles and droplets strongly depends on the

shape of a T-junction, and teaches how the shape can be tuned to obtain the desired size. We

successfully validated our model experimentally by analyzing the formation of gas bubbles, as well as

liquid droplets, in T-junctions with a wide variety of shapes under conditions typical to multiphase

microfluidics.

Introduction

Bubbles and droplets of microscopic size are indispensible in

a broad range of applications, such as in bio-chemical and

material synthesis, drug discovery and medical diagnostics

and treatments.1 In almost all applications, the size of bubbles

and droplets needs to be known precisely. The need to predict

this size in designing microfluidic devices is what motivated our

work.

The success of microfluidic bubble and droplet generators is

explained by their ability to reproducibly form equal-sized

bubbles and droplets at high-throughput. The most popular

generators2 are based on hydrodynamic flow focusing,3

co-flowing4 and cross-flowing.5

In this work, we consider the formation of bubbles and

droplets at T-junctions. Under circumstances typical to multi-

phase microfluidics—fluid streams confined by the geometry of

the channels, and interfacial forces dominating over viscous,

inertial and gravitational forces—bubbles (or droplets) form as

displayed in Fig. 1. A formation cycle starts with a filling period

in which the gas stream—injected from the side channel—pene-

trates into the stream of liquid. Liquid can freely flow around the

erupting bubble until the bubble approaches the wall opposite to

the side channel, which marks the start of the squeezing period.

The bubble—its shape set by the geometry of the junction—now

almost fully obstructs the liquid stream, confining it to the small

regions in between the bubble and walls. Instead of flowing

around the bubble, a large fraction of the incoming liquid pushes

the bubble downstream with a velocity comparable to the

average velocity of the liquid until pinch-off occurs. Garstecki

et al.6 showed that the size of bubbles and droplets at the end of

the filling period Vfill is roughly independent of flow conditions,

while the volume added to bubbles and droplets during the

squeezing period linearly scales with the ratio of flow rates of the

Fig. 1 Formation of a bubble at a planar T-junction with height h. Liquid and gas, respectively, enter the main channel (width: w) and side channel

(width: win) at rates of flow qc and qd. A formation cycle comprises two periods: a filling period in which the bubble fills-up the junction and grows to

a size Vfill and a squeezing period in which the forming bubble is squeezed by the liquid until it pinches-off.

aPrins Bernhardlaan 6, NL-2628 BW Delft, The Netherlands. E-mail:
V.vansteijn@tudelft.nl; C.R.Kleijn@tudelft.nl; Fax: +31 15 278 2838;
Tel: +31 15 278 2839
bJulianalaan 136, NL-2628 BL Delft, The Netherlands. E-mail:
M.T.Kreutzer@tudelft.nl; Fax: +31 15 278 5006; Tel: +31 15 278 9084

This journal is ª The Royal Society of Chemistry 2010 Lab Chip, 2010, 10, 2513–2518 | 2513
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T junctions

• continuous and dispersed phase are injected 
from two branches of a T-junction.

• droplets arise as a result of the shear force and 
interfacial tension at the fluid-fluid interface.

•  sw/o must be sufficiently high in order to avoid 
destruction of plugs by shear. 

• droplets are large enough to touch the channel 
walls but do not wet the walls since sw/s > sw/o 
(w = water, o = oil, s = substrate).

• at low Ca, pressure build up is responsible for 
droplet formation, at high Ca, viscous shear is 
important.
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flow focusing and co-flows

• flow-focusing geometry - 3D or 2D immiscible 
flows are accelerated before entering a nozzle 
or constriction, where pressure & viscous stress 

elongate the inner fluid, which eventually 
breaks.

• co-flow geometry - dispersed and continuous 
phase fluid streams are united by co-flowing 
immiscible fluids through a tapered capillary in 
which streamwise forces exceed interfacial 
tension. 
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000

emulsion 
templating

• multiple emulsion templating involves 
encapsulating a droplet in another droplet of 
an immiscible phase.

• double emulsion, biphasic Janus particles, 

multicore double emulsions and onion-
shaped multiple emulsions can be 
controllably formed.

• thermal, pH or chemical cues can be used to 

gel, rupture or merge internal structures.

• dewetting can transform multiple emulsions 
into unilamellar liposomes, polymersomes 
and colloidosomes.Nature Reviews Methods Primes 2023 3, 32
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unit operations
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droplet generation
37-790 pL, 50-1000 Hz

280-370 pL, 1000 Hz

75 fL, 22,000 s-1



20/42

660 Hz

1880 Hz

2000 Hz

payload control
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payload control
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fusion and dilution

exploitation of differences in the hydrodynamic resistance of the continuous phase and surface tension of the 
discrete phase through the use of passive structures

Anal. Comm. 2001, 36, 213

Lab Chip 2008, 8, 1837
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(A) oil inlet, (B) aqueous inlets, (C) hot zone, (D) 
annealing and template extension zone, (E) emulsion 

outlet.

A
B

E

C D

droplet PCR
Analytical Chemistry 2009, 81, 306

template concentration

• 0.3 template/droplet and high amplification factors (<106).
• online assay of droplets enables efficient digital PCR.
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• control of input streams can be used to 
dose individual droplets with single or 
small numbers of cells.

• reduced droplet volumes remove problems 
associated with dilution and allow for single 
cell analysis.

• passive loading of cells into droplets is 
random and described by Poisson statistics.

• burst width/height used to statistically 
assess cell phenotype.

single cell analysis growth 
medium blank

cell suspension

oil

Chemical Communications 2007 1218
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encapsulation is stochastic
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Analytical Chemistry 2014, 85, 8866

• integrated droplet-based platform for high-throughput 
assessment of PDT photosensitizer efficacy.

• system encapsulates cells & sensitizer in droplets, 
exposes droplets to light, performs viability assays, 
incubates droplets & scores cell viability.

high-throughput
droplet screening
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• real-time monitoring allows for rapid optimization of reaction conditions and the synthesis of high quality 
PbS nanocrystals (emitting between 765–1600 nm) without any post-synthetic processing.

• NIR-emitting nanoparticles (with quantum yields above 30%) successfully used in Schottky solar cells with 
power conversion efficiencies of 4%.
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x

perovskite 
nanomaterials

• organic-inorganic lead halide perovskites possess 
outstanding optoelectronic properties.

• compositional tuning of luminescence from blue to red 
is a key advantage over Cd-chalcogenides.

• realization of high quantum yields does not require 
electronic passivation, significantly reduces the 
complexity of the synthetic procedure. 

Nano Letters, 2016, 16, 1869

Nano Letters, 2015, 15, 3692



29/42

simple microfluidic reactors

[PbX2]

[PbY2]

Galden

Cs-oleate
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x

perovskite nanoparticle synthesis
• combination of online analysis and rapid mixing allows the rapid mapping of the reaction parameters.

• early-stage insight into the mechanism of nucleation suggests similarities with multinary metal chalcogenide 

systems, albeit with much faster reaction kinetics. 
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perovskite 
nanoparticle 

synthesis
• fine-tuning of PL of CsxFA1−xPb(Br1−yIy)3 NCs between 

700 and 800 nm, with minimization of emission line 
widths (<40 nm), and maximization of PL quantum 

efficiencies (up to 89%) and phase/chemical 
stabilities.

• rapid screening of FAPb(Cl1-xBrx)3 NCs with stable 
emission between 440-520 nm.

• microfluidically optimized conditions transferred to 

batch-scale synthesis platforms.

Nano Letters 2018, 18, 1246; ACS Nano 2018, 12, 5504
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multiparametric automated 
regression Kriging interpolation 

& adaptive sampling (MARIA)J. Phys. Chem. C, 2014, 118, 20026

ACS Appl. Mater. Interfaces 2018, 10, 18869
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[Cs-Oleate] 

Galden 

Droplet  
Generation 

On-Line Absorbance 
Detection 

On-line Fluorescence 
Detection 

Motorized  
Linear & Rotation  

Stage 
[PbX2] 

[PbY2] R2 

R1 

Anal. Chem. 2018, 410, 7019Anal. Comm. 2001, 36, 213 Nano Letters, 2016, 16, 1869

photoluminescence is great!
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FLIM: maximizing info contrast
• high-speed fluorescence lifetime imaging of dynamic flows using viscosity-dependent lifetime of DASPI.
• quantitative concentration mapping using line-scanning confocal microscopy with sub-micron resolution.
• spatially resolved 3D temperature distributions extracted via two-photon excitation.

Optics Letters 2011, 33, 1187
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automated 
fluorescence 

lifetime tracking

• caesium-based perovskite nanocrystals exhibit tunable 
emission in the visible region and also display a fluorescence 
lifetime that varies with anionic composition.

• time-correlated single photon counting measurements in flow 
allow rigorous extraction of fluorescence lifetimes.

• on-line extraction of PL lifetimes achieved using a fitting 
algorithm with sensitivity down to the single droplet level.
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Other reaction conditions were fixed to reaction time = 10 s and iodide loading = 16%

To obtain additional insights into the role of NC compositional changes on PL properties,

we also measured the fluorescence lifetimes of CsPb(Br/I)3 NCs while varying the halide

composition. As shown in our recent study,31 the band edge emission of Br/I perovskites

can be tuned from 523 to 690nm through a continuous variation of PbI2/PbBr2 halide molar

ratio (see supporting information for PL spectra). Adjustment of the anionic composition is

a facile manner to tune the PL properties of the synthesized CsPbX3 NCs, while excluding

possible size-dependent e↵ects (the size of CsPbX3-based NCs is fixed between 10-12 nm).

Figure 5a-b presents the e↵ect of the halide content on the PL decays and average fluorescence

lifetimes of CsPb(Br/I)3 NCs. The band edge emission and the PL decays of CsPb(Br/I)3

can be tuned as a function of I-to-Br molar ratio. By a systematic variation of iodide loading

from 6.5 to 91.6%, we managed to tune the PL peak wavelength from 516 to 680nm (Figure

5c) leading to a monotonic increase of average PL lifetimes from 12.5 (Br-rich) to 30 ns (I-

rich), measured from individual droplets in the TCSPC-platform (the values were averaged

over hundreds of droplets). To further investigate the e↵ect of iodide content on fluorescence

decays, we conducted experiments at various temperatures with fixed Pb-to-Cs molar ratio.

Figure 5d demonstrates the e↵ect of iodide loading from 6.5 to 91.6% on the average lifetime

of the synthesized NCs, when the temperature is fixed to 150, 170 and 180�C. As expected,
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can be tuned from 523 to 690nm through a continuous variation of PbI2/PbBr2 halide molar
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a facile manner to tune the PL properties of the synthesized CsPbX3 NCs, while excluding

possible size-dependent e↵ects (the size of CsPbX3-based NCs is fixed between 10-12 nm).
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can be tuned as a function of I-to-Br molar ratio. By a systematic variation of iodide loading
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5c) leading to a monotonic increase of average PL lifetimes from 12.5 (Br-rich) to 30 ns (I-

rich), measured from individual droplets in the TCSPC-platform (the values were averaged

over hundreds of droplets). To further investigate the e↵ect of iodide content on fluorescence

decays, we conducted experiments at various temperatures with fixed Pb-to-Cs molar ratio.
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performed in an iterative fashion by minimization of the reduced chi-squared parameter.

⌧ =

nP
i=1

(ai⌧i2)

nP
i=1

ai⌧i

(2)

where a1 and a2 are the amplitudes or pre-exponential factors ⌃ai = 1. A Levenberg-

Marquard optimization algorithm was used for the fitting procedure and a Richardson-

Lucy algorithm was used for the deconvolution of IRF from the recorded decay profiles.

The software allows variation of the number of fit parameters, with the initial parameters

being provided manually to start the fitting procedure. Fitting of the fluorescence decays of

the synthesized NCs (enclosed in individual droplets) can be performed in high-throughput

and the average fluorescence lifetime calculated in an automatic manner (see supporting

information for single droplet analysis, Figure S1).

The reactor operates autonomously and is controlled by LabView as we have described

previously.31,47,49 In short, a LabView script accepts a set of predefined experimental param-

eters that are executed one by one. First, the reactor checks the current reaction conditions

such as temperature and flow rates and determines an appropriate time-scale for reaching

steady-state. The reaction conditions are then changed to the new parameters and after

steady-state fluorescence decay curves and spectra are recorded and the fluorescence lifetime

is extracted. Figure 2 contains a flow chart describing the method.

Figure 2: Flow chart for the automated operation of the microfluidic platform and recording
of PL lifetimes and PL spectra

9

Chemistry of Materials 2020, 32, 27 



37/42

Harold Edgerton, MIT, 1964
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exploring 
enzyme 
catalysis

(1) inject substrate and enzyme solutions.
(2) accelerate droplets to 1 m/s.
(3) rapid mixing by chaotic advection.
(4) complete droplet mixing within 800 us.
(5) droplet deceleration to 10 cm/s.
(6) stroboscopic imaging of droplets
(7) droplet imaging over long times.
(8) fluorescence intensity plotted as a 

function of time for each droplet.
(9) droplets prevent dispersion and prevent 

concentration gradients.

Chem 2021 7, 1066; Chem Catalysis 2022, 2, 2704, Nature Methods 2023, 20, 1479
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[Cs-Oleate] 

Galden 

Droplet  
Generation 

On-Line Absorbance 
Detection 

On-line Fluorescence 
Detection 

Motorized  
Linear & Rotation  

Stage 
[PbX2] 

[PbY2] R2 

R1 

Anal. Chem. 2018, 410, 7019Anal. Comm. 2001, 36, 213 Nano Letters, 2016, 16, 1869

photoluminescence is limited
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droplet absorbance spectroscopy

Analytical Chemistry 2021, 93, 7673

• extraction of broad-band 
absorbance spectra from pL-
volume droplets.

• confocal optical system 
engenders enhancements in 
signal-to-noise ratios.
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photothermal spectroscopy
single point absorbance measurements in fL-pL volume droplets at frequencies in excess of 10 kHz

120 fL droplets at 10.7 kHz 20uM methyl orange

Km = 990uM

metabolic activity assay

enzymatic assayCPR

Analytical Chemistry 2017, 89, 1994; Lab Chip, 2018, 17, 3654

100 pL droplets

Erythrosin B

N = 9632

N = 53,248detection of heat released by non-radiative relaxation of excited 
state species is only weakly dependent on optical pathlength.

absorption

heating

RI variation
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… the marriage of microfluidic 
systems, optical detection methods 

and machine learning algorithms 
offers a route towards the rapid and 

robust generation of bespoke 
materials.

the use of microfluidic tools in 
materials synthesis almost always 

engenders significant enhancements 
in efficiency, control, functionality & 

throughput …


