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ABSTRACT: We introduce a microfluidic double-jump mixing 
device for investigating rapid biomolecular kinetics with confocal 
single-molecule spectroscopy. This device enables non-equilib-
rium dynamics to be probed, e.g. transiently populated intermedi-
ates that are inaccessible with existing single-molecule approaches. 
We demonstrate the potential and reliability of the method on time-
scales from milliseconds to minutes by investigating the coupled 
folding and binding reaction of two intrinsically disordered pro-
teins and the conformational changes occurring in a large cytolytic 
pore toxin. 

 

Single-molecule fluorescence spectroscopy has become a key 
methodology for the investigation of biomolecular mechanisms. A 
particular strength is the possibility to extract information on com-
plex kinetics and dynamics over a broad range of timescales, both 
in equilibrium and non-equilibrium experiments1-5. Perturbation 
techniques are required in cases where the molecular species of in-
terest are not populated to a detectable degree at equilibrium. Mi-
crofluidic mixing coupled to single-molecule detection is a power-
ful technique for investigating such biomolecular processes under 
non-equilibrium conditions6-9, with dead times in the low millisec-
ond range7, 9 or even below8. A promising extension of rapid mix-
ing is the double-jump mixing technique, which is well established 
for ensemble experiments based on stopped-flow mixing10,11: by 
enabling the transient population of unstable reaction intermedi-
ates, it allows their role in kinetic mechanisms to be probed. How-
ever, no such approach has been available for investigating kinetics 
with single-molecule resolution. Here we present a microfluidic de-
vice that is optimized for performing two consecutive rapid mixing 
steps separated by a well-defined delay time. In this way, a first 
change in solution conditions is employed to populate an unstable 
intermediate species, and a second mixing step to probe its kinetic 
properties. We demonstrate the versatility of this double-jump de-
vice with two examples occurring on very different timescales: (i) 
the association and dissociation of a protein complex on the milli-
second timescale in a single experiment, and (ii) the kinetic inves-
tigation of an intermediate state in the conformational reorganiza-
tion of a pore-forming toxin from milliseconds to minutes. 

The design of the device (Figure 1a) is based on laminar flow 
and diffusive mixing12 and was optimized for the desired mixing 
ratios and flow velocities using 3D finite-element calculations (Fig-
ure S1). The first rapid mixing step with a dead time of ~10 ms is 
followed by a delay channel whose length is optimized for the for-
mation of the intermediate of interest. After the second mixing step, 
two additional pairs of outlet channels perpendicular to the obser-
vation channel were introduced. The effect of the resulting diverted 
flow is twofold: (1) The flow is rapidly decelerated to velocities 

compatible with confocal single-molecule detection13, thus de-
creasing the dead time to ~7 ms, and (2) the even slower flow in 
the wider side outlet channels enables observation times of up to 5 
minutes (Figure 1b), thus enabling a broad range of timescales to 
be investigated in a single device. The conformational changes of 
the sample molecules can be followed by confocal detection at var-
ious positions along the observation channel or in the side outlet 
channels. To obtain reliable devices with stable flow patterns and 
highly reproducible mixing behavior, we use microfabrication 
based on reactive ion etching in silicon for producing device molds 
with high accuracy in the resulting structures, essential especially 
for the narrow channels that enable fast diffusive mixing with mil-
lisecond dead time (Figure 1c). Combined with replica molding in 
poly(dimethylsiloxane) (PDMS)14, large numbers of devices can be 
generated with great reproducibility and precision (see Materials 

and Methods), as verified by scanning electron microscopy (Figure 
1c and Figure S2 ). The PDMS devices were bonded to microscope 
cover glasses after plasma activation (Figure 1d) and interfaced 
with confocal single-molecule detection via a previously described 
cartridge-based device holder9. Extensive testing of the flow pat-
terns by wide-field fluorescence imaging (Figure S3) and of flow 
velocities and mixing ratios by fluorescence correlation spectros-
copy (Figures S4 and S5) demonstrates good agreement with the 
results from finite-element calculations. To obtain an accurate con-
version of positions along the observation channel to times after 
mixing, which is required for the quantitative kinetic analysis of the 
measurements15, we carried out time-resolved finite-element calcu-
lations (Figure S6 and Video S1-S2). 

We first demonstrate the performance of the microfluidic dou-
ble-jump device for rapid processes on the millisecond timescale. 
To this end, we investigated the fast coupled folding and binding 
of the intrinsically disordered activation domain of the p160 tran-
scriptional co-activator (ACTR) and the nuclear co-activator bind-
ing domain (NCBD) of CREB-binding protein16, essential regula-
tors of eukaryotic transcription17. In the first mixing step, ACTR 
labeled with Cy3B and LD650 as Förster resonance energy transfer 
(FRET) donor and acceptor, respectively, is delivered from the cen-
ter inlet and mixed with an excess of unlabeled NCBD from the 
side inlets (100 nM initial concentration) to induce complex for-
mation (Figure 2a). The following 5 mm-long channel serves as a 
delay line along which the two proteins have time to associate for 
20 s. In the second mixing step, dissociation of the preformed com-
plex is then triggered by dilution with buffer.  

Figure 2b shows transfer efficiency histograms recorded after the 
first (left panel) and second mixing step (right panel), with the first 
histograms measured at 10 ms and 7 ms after mixing, respectively 
(Figures S7 and S8). To quantify the concentration dependence of 
this bimolecular reaction, the experiments were repeated with ini-
tial NCBD concentrations of 200 and 400 nM NCBD. A global ki-
netic analysis of all three datasets (Figure 2c) yields a dissociation 
rate coefficient of 7.1 ± 0.4 s-1 and an association rate coefficient 
of 0.6 ± 0.2 nM-1s-1 (see Materials and Methods and Figure S9 for 
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Figure 1. Design of the microfluidic double-jump mixing device. (a) and (b) Layout of the device: Solutes for the first mixing step are 
introduced from side inlets 1 (top and bottom) and mixed with the sample molecules from the center inlet. After passing a delay channel that 
defines the time between the two mixing steps, the sample is diluted by mixing with solutes from side inlets 2 (top and bottom). Microstruc-
tured filter arrays9 were incorporated after each inlet to prevent obstruction of the channels by traces of dust. The relaxation to equilibrium 
can be followed by measuring at different positions along the observation channel, as each position corresponds to a different time after 
mixing. To rapidly decelerate the flow and to have access to longer timescales (up to ~5 min) additional outlet channels perpendicular to the 
observation channel are included. A typical calculated concentration profile of sample molecules (D=10-10 m2/s) introduced via the center 
inlet is shown in (b). Relative concentrations are plotted on a logarithmic scale, with the initial relative sample concentration set to 1. Note 
that while the mixing of small solutes is completed after the first and second mixing steps, respectively (Figure S1), the sample molecules 
are not uniformly distributed after the second mixing step because of their smaller diffusion coefficient. The partitioning into waste and side 
outlets ensures that the sample concentration in the side outlets is high enough for data recording. (c) Scanning electron micrograph of the 
second mixing region in the PDMS device to illustrate the high quality of the structures. (d) Photograph of the microfluidic device. For 
visualization, the microchannels are filled with ink.

details), in agreement with previous stopped-flow results18. By 
fabricating devices with different lengths of the delay channel, we 
can interrogate the effect of the association time on the dissociation 
kinetics. In the present case, reducing the association time to 25 ms 
(corresponding to a 87-μm delay channel) yields identical dissoci-
ation rate coefficients (Figure S10), indicating the absence of long-
lived kinetic intermediates during complex formation.  

To illustrate the suitability of the device for resolving more com-
plex conformational changes in biomolecules over a broad range of 
timescales, we investigate a recently identified transient intermedi-
ate in the conformational transition of the pore-forming toxin  
ClyA19. ClyA is expressed as a soluble monomer that, upon inter-
action with membranes or detergent, undergoes a large conforma-
tional rearrangement into its protomer conformation20. This mono-
mer-to-protomer transition involves a kinetic intermediate that is 
denatured and expanded19. However, owing to its transient nature, 
the properties of this intermediate have largely remained elusive. 

Here we use the microfluidic double-jump device to first form the 
intermediate state of ClyA by mixing the FRET-labeled protein 
with the membrane-mimicking detergent n-Dodecyl-β-D-Maltopy-
ranoside (DDM) (Figure 3a); after 20 s in the delay channel, the 
low-FRET (i.e. rather expanded) intermediate is maximally popu-
lated. In the second mixing step, the protein is stripped of detergent 
by rapid mixing with β-cyclodextrin, a cyclic oligosaccharide that 
efficiently sequesters detergent molecules21 (Figure S11). The sec-
ond jump enables us to return to the initial solution conditions and 
investigate whether and how the intermediate of ClyA returns to 
the initial monomeric conformation. 

Within the dead time of the measurement after the second mixing 
step, a broad transfer efficiency distribution with an average of 
E ≈ 0.61 is formed (Figure 3b), corresponding to a rapid collapse 
of the polypeptide chain. The pronounced broadening beyond the 
shot noise width is indicative of slow dynamics within the resulting 
conformational distribution5, 22-23. Only on a much longer timescale  
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 Figure 2. Coupled folding and binding of the intrinsically disor-
dered proteins ACTR and NCBD investigated with the double-
jump mixing device. (a) Donor- and acceptor-labeled ACTR is 
mixed in the first step with an excess of unlabeled NCBD to induce 
complex formation. Dissociation is triggered in the second mixing 
step by dilution with buffer solution. (b) Transfer efficiency histo-
grams measured at various positions along the channels after the 
first and second mixing steps (left and right panel, respectively; 
normalized to an area of 1), corresponding to different times after 
the start of the reaction (as indicated by the color scale). The low 
transfer efficiency peak, E ≈ 0.60, corresponds to free ACTR and 
the high transfer efficiency peak, E ≈ 0.80, to folded ACTR 
within the complex with NCBD (100 nM initial concentration). (c) 
Global fit (dashed colored lines) of the association (left) and disso-
ciation kinetics (right) for three different initial NCBD concentra-
tions (100, 200 and 400 nM). The error bars indicate the uncertain-
ties from fitting the transfer efficiency histograms. 

of 5±1 s, a transition takes place to a population with a transfer 
efficiency of ~0.43, characteristic of the known folded monomer 
conformation19 (Figure 3c-d, Figures. S12-S13 and Table S1). Fur-
ther narrowing of the transfer efficiency distribution is observed by 
measurements in the additional observation channel up to 4.5 min 
after mixing (Figure S14). Full conversion to the narrow histogram 
of the monomer, however, is only complete after ~10 min, as re-
vealed by manual mixing experiments (Figure 3b), which can be 
combined with the longest timescales accessible in the mixer with-
out any time gap.  Overall, the results on ClyA illustrate the capac-
ity of double-jump mixing to probe the behavior of complex kinet-
ics and intermediates that would otherwise be inaccessible. 

Figure 3. Probing the intermediate state of the pore-forming toxin 
ClyA by rapid double-jump mixing. (a) Schematic of the measure 
ment. (b) Transfer efficiency histograms measured at different po-
sitions in the device (indicated by corresponding colored circles in 
(a)) reveal different ClyA conformations. Mixing of ClyA in its 
monomer conformation (M) with n-dodecyl β-D-maltopyranoside 
(DDM, 0.11 % w/v) induces the formation of a denatured interme-
diate state (I). After maximally populating I in the delay channel, 
the protein is stripped of detergent by addition of the cyclic oligo-
saccharide β-cyclodextrin (0.058 % w/v) in the second mixing step, 
which causes a collapse of I to the compact unfolded state U. 
Within ~1 min, ClyA returns to the average transfer efficiency of 
M. In manual mixing experiments (lowest panel on the right), com-
plete conversion to the narrow transfer efficiency distribution of the 
monomer is observed. (c) Normalized transfer efficiency histogram 
time series indicating the time-course of the transition from M 
(E = 0.42) to I (E = 0.13) after the first mixing step (left), and 
from U (E = 0.61) to M (E = 0.43) after the second mixing step 
(right). The transition from I to U occurs within the dead time (7 
ms). (d) Left panel: Fractions of monomer (M), intermediate (I) and 
protomer (P) after the first mixing step obtained from a global fit 
of the histograms (colored circles), overlaid with a kinetic off-path-
way model using previously described rates19 (lines). Right panel: 
Fractions of M and U after the second mixing step fitted with a 
biexponential fit (for M: τ1=0.2±0.1 s, 36% of total amplitude, and 
τ2=8.0±1.9 s, 64% of total amplitude) (see Materials and Methods 
for details). 
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In summary, we present here a microfluidic device for rapid dou-
ble-jump mixing experiments in combination with single-molecule 
spectroscopy, with observation times from milliseconds to minutes 
after mixing. The approach combines the advantages of non-equi-
librium perturbation techniques with the ability of single-molecule 
spectroscopy to resolve conformational heterogeneity. The tech-
nique is particularly valuable for probing transiently populated 
states that are neither accessible at equilibrium nor in single-step-
mixing experiments. The device thus enables the discovery of elu-
sive transient species in biomolecular mechanisms and provides a 
powerful extension of the single-molecule toolbox. 
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