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Rapid kinetic measurements are important in understand-
ing chemical interactions especially for biological mol-
ecules. Herein, we present a droplet-based microfluidic
platform to study streptavidin-biotin binding kinetics with
millisecond time resolution. With integration of a confocal
fluorescence detection system, individual droplets can be
monitored and characterized online to extract kinetic
information. Using this approach, binding kinetics be-
tween streptavidin and biotin were observed via fluores-
cence resonance energy transfer. The binding rate con-
stant of streptavidin and biotin was found to be in a range
of 3.0 × 106-4.5 × 107 M-1 s-1.

Recently, droplet-based microfluidics have been developed to
overcome the mixing and reagent dispersion problems associated
with laminar flow-based microfluidics. By injecting laminar streams
of aqueous reagents into an immiscible carrier fluid, droplets can
be reproducibly generated with each droplet acting as a microre-
actor.1 The aqueous solutions are localized within droplets and
separated by the carrier fluid, leading to rapid mixing and no
reagent dispersion. By inducing a winding part into microchannels,
mixing inside droplets is enhanced by chaotic advection, which
can be as fast as few milliseconds.2 With these particular features,
droplet microfluidics have been exploited to demonstrate a variety
of chemical and biological processes1 such as chemical synthesis,3-6

protein crytallizations,7-9 nanoparticle synthesis,10,11 biological

assays,12 and cell studies.13,14 Furthermore, droplet microfluidics
have also been demonstrated for performing rapid kinetic mea-
surements,15 which are important in understanding chemical/
biological reactivities especially for protein folding 16,17 and enzyme
activities.18-20 Due to high droplet generation frequencies, which
can be up to kilohertz, online droplet detection is one of the most
challenging in terms of extracting the huge amounts of information
produced from this system. Recently, confocal spectroscopy was
introduced as a highly efficient detection method within microf-
luidic droplets due to its sensitivity and speed.21 To this end, we
present a droplet microfluidics integrated with a confocal fluo-
rescence detection system to perform rapid kinetic measurements.
Reaction kinetics from each droplet can be accurately and
precisely monitored and extracted in real time. Previously, we have
demonstrated an application of this system by performing a high-
throughput DNA binding assay. 21 In this article, binding kinetics
of streptavidin and biotin system was studied using fluorescence
resonance energy transfer (FRET).

Typical approaches used to perform kinetic measurements are
stopped flow22 and hydrodynamic focusing.23 Unfortunately,
stopped flow measurements require large sample volumes making
this unsuitable for studying kinetics of biological samples pro-
duced in small quantities. With this is mind, microfluidic ap-
proaches using hydrodynamic focusing are widely used to study
kinetics due to rapid mixing and low sample consumption.
However, in order to obtain rapid mixing using this approach,
high sheath flow rates are typically used. Consequently, one of
the solutions needs to be used in excess to obtain rapid mixing.
Therefore, hydrodynamic focusing is not suitable for kinetic
measurements requiring concentrations variation of both reagents.
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Although mixing inside droplets is not as fast as hydrodynamic
focusing, kinetic measurements using droplet microfluidics have
shown some advantages in terms of reaction time scales, low
sample consumption due to small droplet volumes (10-9-10-12

L), and no reagent dispersion, which allows reaction times to be
calculated at any distance. Thus, reactions can be precisely and
accurately controlled and monitored at desired time scales. For
this reason, droplet microfluidics is an alternative and promising
technique to study kinetics. An elegant example was initially
demonstrated by Song et al.15 Using submicroliter volumes of
solution, rapid single-turnover kinetics of ribonuclease A (RNase
A) was measured with better than millisecond resolution. The
kinetic measurements were performed by monitoring fluorescence
intensity arising from the cleavage of a fluorogenic substrate by
RNase A. Fluorescence images were taken using a CCD camera
at different time points. The images were then analyzed using
image software to build intensity profiles to extract kinetic data.
Although kinetic information can be extracted by analyzing
fluorescence images from a CCD camera, this method mainly
relies on selected areas of interest and uniform illumination of
the light source. In addition, a high-speed CCD camera is not fast
enough to sensitively interrogate each droplet to obtain kinetic
data. Hence, a highly efficient detection system, which can monitor
reaction kinetics in real time, is key.

Typically, determination of the biding rate constant for biologi-
cal molecules is more difficult than that of the dissociation rate
constant as most biological molecules exhibit binding interactions
much faster than dissociation processes, especially streptavidin-
biotin binding demonstrating a high binding constant of ∼1015

M-1.24-27 Accordingly, it is more practical to carry out experi-
ments to measure the dissociation rate constant. However, due
to rapid mixing, the droplet system can be suitably implemented
to determine binding kinetics as is demonstrated in this article.

EXPERIMENTAL SECTION
Device Fabrication. Figure 1a shows an image of a PDMS
microfluidic device, having 50.0-µm-wide, 50.0-µm-deep, and ∼44.0-
cm-long channels. Fabrication of these devices was performed as
described previously.21 A winding part of the primary microchan-
nel was integrated in order to induce rapid mixing due to chaotic
advection within each droplet, which allows for kinetic measure-
ments in millisecond time scales.

Detection System. The completed microfluidic device was
placed onto a controllable stage (ProScan II, Prior Scientific) of

(24) Piran, U.; Riordan, W. J. J. Immunol.l Methods 1990, 133, 141–143.
(25) Bayer, E. A.; Wilchek, M. Methods Enzymol. 1990, 184, 49–51.
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(27) Livnah, O.; Bayer, E. A.; Wilchek, M.; Sussman, J. L. Proc. Natl. Acad. Sci.

U. S. A. 1993, 90, 5076–5080.

Figure 1. (a) Image of the microfluidic device. The 50-µm-square cross-section microchannel network consists of 4 inlets and 1 outlet. (b) A
schematic of the microfluidic device setup for FRET kinetic experiments. The AF 488 conjugated streptavidin solution is flowing into a left inlet,
while AF 647 and biotin-labeled DNA solution is pumping through the right inlet. The binding buffer is delivered into the middle inlet. (c) Schematic
of the FRET process. The acceptor is linked to the donor via the streptavidin-biotin linkage, resulting in FRET. (d) A schematic of the optical
fluorescence detection system used (APD ) avalanche photodiode detector; BE ) beam expander; DC ) dichroic mirror; EM ) emission filter;
I ) iris; L ) lens; M ) mirror; and PH ) pinhole).
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an Olympus IX71 microscope appropriately aligned with a custom-
built confocal spectrometer (Figure 1d). The confocal setup
consists of a 488-nm diode laser (Coherent UK Ltd.). The laser
beam was aligned into the microscope body using beam steering
optics. A filter wheel was installed to attenuate the laser beam,
after which the light was expanded by a beam expander (Thor-
labs) to entirely fill the back aperture of a 60× water immersion
microscope objective (Olympus). A dichroic mirror (z488rdc,
Chroma Technology Corp.) is used to reflect the 488-nm laser
beam into the objective lens. This brings the laser light to a tight
focus within the microfluidic channels. Fluorescence emission is
collected with the same objective and transmitted through the
same dichroic mirror. An emission filter (z488lp; Chroma Tech-
nology Corp.) removes any residual excitation light, and a plano-
convex lens (+50.2F; Newport Ltd.) focuses the fluorescence onto
a 75-µm precision pinhole (Melles Griot) positioned in the focal
plane of the microscope objective. Another dichroic mirror
(630dcxr, Chroma Technology Corp.) is then used to split the
fluorescent signal onto two avalanche photodiodes (AQR-141,
EG&G, Perkin-Elmer). Fluorescence reflected by the dichroic
mirror is further filtered by an emission filter (hq540/80m,
Chroma Technology Corp.) and focused by a plano-convex lens
(f ) 30.0, i.d. 25.4 mm, Thorlabs) onto the first avalanche
photodiode (green detector). Fluorescence passing through the
dichroic mirror is filtered by an emission filter (hq640lp, Chroma
Technology Corp.) and then focused by another plano-covex lens
onto the second avalanche photodiode (red detector). Dual color
detection was implemented for FRET-based experiments where
the donor and acceptor fluorophores are recorded in distinct
detection channels. Both detectors are coupled to a multifunction
DAQ device for data logging (PCI 6602, National Instruments)
and have submicrosecond time resolution per channel.

Sample Preparation and Operation. The FRET system used
for kinetic measurements was the same as in the previous work.21

Briefly, the donor was Alexa Fluor 488 conjugated streptavidin
(St-AF 488) and the acceptor was Alexa Fluor 647 (AF 647)
internally labeled on one DNA strand, which the complementary
strand was modified with biotin. Consequently, hybridized DNA
consisted of AF 647 on one strand and biotin on the complemen-
tary strand.

Precision syringe pumps (PHD 2000, Harvard Apparatus) were
used to deliver reagent solutions. All aqueous solutions were
pumped into the microfluidic channels using 250-µL gastight
syringes (SGE Europe Ltd.), whereas a 2.5-mL gastight syringe
was used to deliver the continuous oil phase consisting of a 10:1
(v/v) mixture of perfluorodecalin and 1H,1H,2H,2H-perfluorooc-
tanol. All liquids were filtered using 0.2-µm syringe filters (Pall
Corp.) before use.

RESULTS AND DISCUSSION
Streptavidin-Biotin Binding. Microdroplets were formed using
flow rates of 1.5 µL min-1 for both the aqueous (total of 3 inlets)
and oil phases. The St-AF 488 and AF 647 and biotin-labeled
hybridized DNA solutions were pumped separately through the
aqueous inlets. A pH 8.0 binding buffer, consisting of 100 mM
Tris-HCl, 10 mM NaCl, and 3 mM MgCl2, was delivered into the
middle aqueous inlet in order to prevent the reagents from coming
into contact prior to droplet formation and to allow for on-chip

dilution. Thus, mixing and binding of streptavidin and DNA only
occurs inside the formed droplet. A schematic setup of this
experiment is depicted in Figure 1b. Upon binding of biotin to
streptavidin, FRET is observed due to the close proximity of both
the acceptor and donor fluorophores.

The binding kinetic measurements were performed by fixing
the donor-labeled streptavidin concentration and varying the
acceptor-labeled DNA concentration. This was achieved by keep-
ing the flow rate of 110 nM donor-labeled streptavidin constant
at 0.3 µL min-1, resulting in a concentration of 22.0 nM, while
varying the flow rates of 100 nM biotin and acceptor-labeled DNA.
The DNA flow rates were changed from 0.3 to 0.9 µL min-1 (using
a step of 0.1 µL min-1), giving a concentration range from 20.0 to
60.0 nM. Consequently, concentration ratios (CRs), defined as the
ratio of DNA concentration to streptavidin concentration, were
changed from 0.91 to 2.73. Accordingly, the flow rate of the
binding buffer at the middle inlet was adjusted to maintain a total
aqueous flow rate of 1.50 µL min-1. The experimental conditions
are expressed in Table 1.

Since AF 488 emits green fluorescence with a peak maxi-
mum at 519 nm, upon binding of streptavidin to biotin, some
energy is transferred to AF 647. Red fluorescence, detected
by the red detector, at wavelengths between 650 and 710 nm
was obtained from AF 647 emission only as a result of FRET.
This FRET process was shown in Figure 1c. Thus, two
fluorescence signals (from AF 488 and AF 647) from each
droplet were detected simultaneously using separate APD
detectors and recorded for 60 s using 50-µs bin times. The
fluorescence intensity of both the acceptor and donor, moni-
tored at different points down the length of the channel, was
used to extract binding kinetics.

Panels a and b in Figure 2 show burst height and area
distributions of red fluorescence (FRET) signals for the first
few detection points. Both are perfectly modeled by Gaussian
distributions and clearly show an increase in signal as the
droplet moves further down the channel. This is due to the
progressive binding between streptavidin and biotin, causing
more linkages between the FRET donor and acceptor. Hence,
the energy transferred between the two was greater and the
signal increased.

The binding kinetics could be extracted by plotting FRET
efficiency as a function of time, which is presented in Figure
3a. The FRET efficiencies from different time points were
calculated using

Table 1. Experimental Conditions for the FRET Kinetic
Mesurements

flow rate (µL min-1) concentration (nM) CR

streptavidin DNA buffer streptavidin DNA

0.3 0.3 0.9 22.0 20.0 0.91
0.3 0.4 0.8 22.0 26.7 1.21
0.3 0.5 0.7 22.0 33.3 1.52
0.3 0.6 0.6 22.0 40.0 1.82
0.3 0.7 0.5 22.0 46.7 2.12
0.3 0.8 0.4 22.0 53.3 2.42
0.3 0.9 0.3 22.0 60.0 2.73
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EFRET )
IA

IA + ID
(1)

where ID and IA are the fluorescence intensities of the donor and
acceptor, respectively.21

As the detection probe volume, set at a channel depth of 25
µm, was positioned at points down the length of the channel, the
FRET efficiency increased rapidly at the beginning of the curves
(for the first 5 s) and remained stable after ∼10 s. Comparison of
data measured at different concentration ratios demonstrates that
using a higher binding ratio resulted in a shift toward higher FRET
efficiencies due to the increased number of the acceptors linked
to the donors. In addition, at the low concentration ratios
(0.91-1.52), increasing the concentration ratio showed significant
changes in FRET efficiency. However, only a slight increase in
the efficiency was observed at concentration ratios from 1.82 to
2.73, due to the limitation of biotin binding sites on the strepta-
vidin. The highest FRET efficiency of ∼0.70 was obtained from
the concentration ratio of 2.73.

In addition, the binding kinetics was also determined from a
plot of FRET efficiency against the concentration ratio at different
time points. This plot, shown in Figure 3b, demonstrates kinetic
behavior for each binding ratio when the reaction moved down-
stream. As seen from the graphs at a single concentration ratio,
the FRET efficiency rose sharply for the first 5 s, indicating fast
kinetics. Afterward, the FRET efficiency increased slowly and
remained stable. A similar trend of the FRET efficiency at every
concentration ratio was obtained when the reaction was monitored
after 10 s. These confirm fast binding kinetics between streptavidin
and biotin and also imply that the complete binding of our analytes
occurs in a 10 s time frame. All curves reach a plateau at a
concentration ratio of ∼2.0, which corresponds well to the binding
ratio previously obtained by our group.21

Binding Rate Constant. Normally, a simple interaction of two
biomolecules can be described using the following model:28

S+ L y\z
k1

k-1

SL (2)

Here S and L symbolize two biomolecules. k1 and k-1 are the
binding and dissociation rate constants, respectively. The binding
rate can be determined from the formation of SL over time. Ideally,
this binding interaction should be described by a monoexponential
growth equation or the integrated rate equation of the pseudo-
first-order reaction:28

SLt ) SLmax(1- e-kobst) (3)

In this equation, SLt is the amount of product at a time point,
SLmax is the maximum amount (the plateau value) and kobs is an
observed rate constant for each condition. The kobs, a concentra-
tion-dependent value; is related to k1 from the following expression:

kobs ) k1[L]+ k-1 (4)

To extract k1, the values of kobs are plotted against varied
concentrations of L. According to eq 4, this plot gives a linear
relationship, with the slope equals to k1 and the y-intercept
represents k-1 (the dissociation rate constant).

Figure 2. Burst height (a) and burst area (b) distributions of red
fluorescence (FRET) signals from the first few data points. The
first point was monitored at 0.41 s after droplet formation. The
second and third points are 0.93 and 1.19 s, respectively.

Figure 3. (a) Binding kinetic plots illustrating the FRET efficiency
as a function of time when fixing streptavidin concentration at 22.0
nM. The binding kinetics monitored at different time points was
investigated using the concentration ratios ranging from 0.91 to 2.73.
Data was fitted using a biexponential model. (b) Plots of FRET
efficiency against the concentration ratio at different time points.
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However, in many cases including our case, kinetic behaviors
of two-biomolecule binding cannot be well explained using the
monoexponential expression (eq 3), but rather can more ac-
curately be described by a biexponential model:29,30

SLt )A1[1- e(-kobs1t)]+A2[1- e(-kobs2t)] (5)

where kobs1 and kobs2 are observed binding rate constants of each
process. A1 and A2 represent the amplitudes of the each process.

This model, expressing a biphasic interaction, indicates an
unusual bimolecular interaction in which at least two processes
are involved. The biphasic dissociation or association can occur
due to heterogeneity of analytes or multiple binding sites causing
different affinities.31

For streptavidin and biotin interaction, the reaction was
categorized as biphasic due to multiple biotin binding sites on a
streptavidin molecule.32,33 Hence, to extract the binding rate
constant of our streptavidin and biotin system, all kinetic data in
Figure 3a was fit by nonlinear regression using eq 5, in which SL
is the FRET efficiency for our experiments. As seen from Figure
3a, this model provides perfect fitting for every concentration ratio.
Observed rate constants (kobs1 and kobs2) for each condition were
obtained from the fitting. To extract the binding rate constants
(k1 and k2), the kobs1 and kobs2 values were plot separately against
the concentration of DNA, as shown in Figure 4, using eq 4. Both
graphs show linear trends with R2 values of 0.9847 and 0.9456 for
kobs1 and kobs2 plots, respectively. The slopes obtained from these
plots are equal to 4.5 × 107 and 3.0 × 106 M-1 s-1, which are k1

and k2, respectively. It can be seen that k2, representing binding
kinetics of the second process, was found to be lower than k1 of
the first process. This could be due to steric hindrance from the
first biotin binding because our biotin molecule was attached to
double stranded DNA.

Buranda et al. found the binding rate constant of ∼107 for biotin
binding to the first binding site of a streptavidin molecule.33 They
noticed that the binding rate for the second biotin molecule was
decreased due to steric hindrance. In addition, the association
rate constant of 7 × 107 M-1 s-1 was reported for biotin and avidin,

in which the binding is stronger than that of biotin and strepta-
vidin.25 Due to a relatively slow process, therefore, there were
some papers investigating the dissociation rate constant between
streptavidin and biotin. The dissociation rate constant of 2.4 × 10-6

s-1 was reported for underivertized streptavidin, which was 30-
fold higher than that observed from avidin (7.5 × 10-8 s-1).24 From
previous results, the binding rate constants are slightly different,
depending on streptavidin and biotin systems and conditions
applied to the binding. Therefore, it is possible that the rate
constant for streptavidin and biotin binding could be varied by 1
order of magnitude.25 Hence, the binding rate constants of 3.0 ×
106 and 4.5 × 107 M-1 s-1 obtained from our streptavidin and
biotin system are in agreement with previous studies.

CONCLUSIONS
Droplet microfluidics integrated with a confocal fluorescence

detection system has been successfully used to perform online
kinetic measurements with millisecond time scales. The binding
rate constant of streptavidin and biotin of our particular system
was found to be in a range of 3.0 × 106-4.5 × 107 M-1 s-1. Using
the approach described, kinetic studies of more complex systems
such as high-throughput protein folding/unfolding will be possible.
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