














Figure 3. A comparison of confocal images obtained for aqueous
and viscous mixing experiments at various Reynolds numbers. The
first column corresponds to the aqueous case (A—E) while the second
corresponds to the viscous case (F—I). Each panel shows a confocal
image with the 40 pixel x 80 pixel (8 um x 20 um) ROl indicated by
the rectangle. In order to visualize o and the variation in the pixel
intensity across the ROI, the difference between intensity for a given
pixel and the average intensity, normalized by the average intensity,
is plotted for every pixel. The pixel number value is raster-scanned
column by column as illustrated in panel J to cover the entire ROI.
The percent difference scale on the y-axis varies from —100% to
300%, and the pixel number on the x-axis ranges from 1 to 3200 for
all plots. The premixed images are shown in panels A and F along
with the following flow rates (B,G) 50, (C,H) 150, (D,l) 250, and (E)
285 uL/min. The color map (J) indicates fluorescence intensity.

to that of water (aqueous), we also performed measurements on
more viscous solutions to mimic the effects of denaturant GdmCl
used in protein folding experiments. Figure 3 summarizes the
results of confocal imaging at various total flow rates and
corresponding Reynolds numbers for both aqueous and viscous
cases. The best mixing, which corresponds to o = 0.08 (note that
o = 0.07 is the measured noise level using this imaging method)
was achieved at 285 ul./min, Re = 211. The highest mixing
efficiency that was measured in the viscous experiment was o =
0.15 at a total flow rate of 250 uL/min (Re = 178). Attempts to
perform the viscous mixing experiments at higher flow rates
caused bursting of the chips due to excessive back-pressure.
Figure 4 shows a comparison of measurements by wide-field and
confocal epi-fluorescence microscopy. Mixing efficiencies mea-
sured over a range of Reynolds number 36 < Re < 185 show that
wide field epi-fluorescence results in better ¢ values. This
observation is consistent with the fact that in wide-field measure-
ments, the pixel intensity values are averaged along the depth of

Figure 4. A plot of ¢, as a function of Reynolds number, Re, for
confocal measurements in the aqueous (M) and viscous case (V) as
well as wide-field epi-fluorescent imaging in the aqueous case (®).
Horizontal lines correspond to the values of ¢ obtained for premixed
solutions from confocal (dashed line) and wide field epi-fluorescence
(full line) images, showing that the mixer approaches perfect mixing
at large Re.

the channel (z-direction). However, at flow rates >250 uL/min,
using the two imaging methods we measure similar differences
between the premixed and the mixed o values indicating that both
imaging methods can be used to measure mixing efficiency. Wide-
field epi-fluorescence is particularly useful for parametric studies
since it is less labor intensive and time-consuming than scanning
confocal microscopy. Figure 4 also shows that the 30% increase
in viscosity of one of the solutions does not considerably reduce
the mixing efficiency. However, increased viscosity does increase
the pressure drop in the device and dictates a lower maximum
operating flow rate.

SRCD Spectroscopy of Rapid Protein Folding Kinetics.
To demonstrate the performance of the optimized mixer design
in monitoring rapid protein folding reactions, we performed SRCD
spectroscopy measurements at BESSY II on the small protein
cytochrome c. The refolding reaction was initiated by a 4-fold
dilution of cyt ¢ in 4 M GdmCl with refolding buffer to a final
GdmCl concentration of 0.8 M. The measurement was performed
at a total flow rate of 250 uL./min (Re = 178), corresponding to o
= (.15 mixing efficiency measured using the confocal setup.

At the first measurement position in the channel, correspond-
ing to tgeaq = 180 us after mixing, spectra were taken both for the
refolding reaction and under equilibrium start (4 M GdmCl) and
end (0.8 M GdmCl) conditions (Figure 5B). The reference spectra
at 4 and 0.8 M are typical of an unfolded protein and a folded
a-helical protein, respectively.'® A linear combination of both
reference spectra shows that the spectrum acquired 180 us after
the start of refolding corresponds to about 28 + 6% folded signal.
Note that the reference with 4 M GdmCl can be measured down
to 205 nm, significantly lower than accessible in conventional
stopped-flow CD instrumentation.

We also measured the kinetic progress curve of the refolding
reaction at 220 nm along the entire observation channel (up to
30 ms, Figure 5A). The refolding trace was fit with a single
exponential with a refolding rate of 190 + 25 s~ 1. The accessible
time window covers 44 + 2% of the total signal change. A change
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Figure 5. Synchrotron radiation circular dichroism measurements of cyt ¢ in the mixing device. Kinetic measurements under refolding
conditions are show in blue, measurements under equilibrium conditions representing the start (4 M GdmCl) and end conditions (0.8 M
GdmCl) are shown in red and green, respectively. Error bars show the standard deviation calculated from two kinetic traces (A) or three
spectra (B). (A) Refolding kinetics measured at 220 nm and single exponential fit to the data (black). (B) CD spectra measured at 0.18 ms
after mixing and linear combination of 28% native and 72% unfolded spectra (black dashed line) The inset in part a shows the time versus
position conversion function in the mixer using the average flow rate over the entire channel (gray) and the average flow rate over the
calculated spot size (blue), demonstrating that neglecting the shape of the flow profile does not significantly influence the calculation of

the time after mixing.

of 22 + 2% already occurred in the dead time of our instrument,
and 33 * 2% of the signal is still missing after 30 ms. As expected,
the reference spectra under equilibrium conditions are invariant
along the channel and show the CD signal characteristic of folded
and unfolded protein, respectively.

The fast refolding kinetics of cyt ¢ have been studied in great
detail,**~3® which makes cyt c an ideal reference for rapid mixing
experiments. The refolding mechanism of cyt ¢ has been shown
to exhibit at least three phases: a fast collapse with a rate constant
of about 20 ms™* (ref 33) and a change of the CD signal amplitude
at 222 nm of about 25%, an increase of the helical secondary
structure of about 49% during a second phase with a rate constant
of 300 s, and a third phase leading to the folded state with a
rate constant of about 13 s™*. 12 In the time range accessible with
our current instrument design, we can resolve the rate constant
of the largest amplitude phase. The good agreement with the rate
of the major phase and the amplitudes observed by Akiyama et
al.'? thus provide a stringent test of the capabilities of SRCD in
combination with microfluidic devices. The agreement also
demonstrates that the effects of flow profile in y and z on the
measurement of cytochrome c Kkinetics at this flow rate are small,
as supported by the confocal image from Figure 3I and the very
small difference in the time after mixing when averaged over the
spotsize vs over the whole channel (inset in Figure 5A). The
profile in y and z in the observation region somewhat decreases
the time resolution and is captured in the overall uncertainty of
our measurement. In summary, the novel combination of SRCD
spectroscopy with microfluidic mixing devices opens new op-
portunities to probe structural changes in biomolecules on
previously inaccessible time scales and wavelength ranges. Our
device provides an unprecedented dead time for CD experiments
in the presence of buffers with high absorption (GdmCl) and
clearly demonstrates the potential of the method.
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Future improvements in the approach described here are to
be expected, especially with the advent of dedicated SRCD beam
lines, which are under construction or already in operation at
several synchrotrons.>*** Higher photon flux will improve the
signal-to-noise ratio, accelerate data acquisition, thus reduce
sample consumption, enable the use of lower protein concentra-
tions, and possibly allow a further extension of the accessible
wavelength range and the use of deeper channels. Of particular
importance for the combination with microfluidic mixing is the
brilliance of synchrotron sources, allowing the efficient focusing
of light into microstructures. Future developments in beam quality
and microfabrication are thus expected to enable further improve-
ments in dead time and time resolution. An SRCD beamline
optimized specifically for use with microfluidic devices is currently
under construction at BESSY. The work presented here presents
guidelines for optimizing the mixer geometry for the specific
requirements of the synchrotron radiation source and provides
an important step toward making kinetic SRCD spectroscopy more
broadly available.
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