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We have developed a microfluidic mixer optimized for
rapid measurements of protein folding kinetics using
synchrotron radiation circular dichroism (SRCD) spec-
troscopy. The combination of fabrication in fused silica
and synchrotron radiation allows measurements at wave-
lengths below 220 nm, the typical limit of commercial
instrumentation. At these wavelengths, the discrimination
between the different types of protein secondary structure
increases sharply. The device was optimized for rapid
mixing at moderate sample consumption by employing a
serpentine channel design, resulting in a dead time of less
than 200 ps. Here, we discuss the design and fabrication
of the mixer and quantify the mixing efficiency using wide-
field and confocal epi-fluorescence microscopy. We dem-
onstrate the performance of the device in SRCD measure-
ments of the folding kinetics of cytochrome c, a small, fast-
folding protein. Our results show that the combination of
SRCD with microfluidic mixing opens new possibilities
for investigating rapid conformational changes in biologi-
cal macromolecules that have previously been inaccessible.

In studies of protein folding kinetics, the folding or unfolding
reaction is usually triggered by rapid changes in temperature,’
pressure,” or chemical denaturant concentration.® Rapid dilution
of chemical denaturants such as guanidinium hydrochloride
(GAmCI) or urea is the most commonly used method of starting
the folding reaction. The dead time of commercially available
stopped-flow mixers that are used to rapidly dilute the denaturant
is limited to 0.25 ms under ideal conditions. Typical dead times
in commercial instruments using CD spectroscopy are in the range
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of several milliseconds. Thanks to their rapid mixing time and
low sample consumption, microfluidic mixers are being employed
increasingly in the studies of folding Kkinetics. Diffusive mixers
with mixing times of 4 us and femtomole sample consumption
have been used to study protein folding using ensemble Forster
resonance energy transfer (FRET) spectroscopy.* Microfluidic
mixers have also been used with single molecule FRET to
measure protein folding kinetics and probe the structure of the
unfolded state of a protein under folding conditions.> Fourier
transform-infrared (FT-IR) spectroscopy has been used to probe
the a-helix to S-sheet transition in S-lactoglobulin using a diffusive
IR mixer.® UV fluorescence from tryptophan residues has been
used to study the hydrophobic collapse and early folding steps of
proteins using a diffusive mixer with a dead time of 20 us.” Small
angle X-ray scattering (SAXS) spectroscopy has also been used
with mixers to measure the changes in the radius of gyration of
cytochrome ¢.&°

Circular dichroism (CD) is an absorption spectroscopy tech-
nique commonly used to identify the secondary structure content
of proteins.'° Protein secondary structures such as o helices and
f sheets can be distinguished by their characteristic CD spectra,
making CD a powerful method to monitor conformational transi-
tions in biological macromolecules, including protein folding
reactions. In contrast to conventional CD sources, synchrotron
radiation is a high flux, broadband source of radiation including
the far UV (180—250 nm) with high signal-to-noise ratio, permit-
ting measurements below 220 nm, where differences between the
CD spectra of the various secondary structure types are often most
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Figure 1. SRCD mixer: (A) photograph of SRCD mixer chip. The aperture is not shown so that details may be easily viewed. (B) Filter posts
are designed to minimize clogging of the mixer. (C) Design details of the optimized serpentine mixer showing the channel width, w, and turn
radius, TR = "/»(w + s). The smooth curvature of the diffuser minimizes the creation of any recirculation vortices in the two-section observation

channel where kinetics are measured.

pronounced.! Akiyama et al.'? measured kinetics of cytochrome

¢, a popular model system for rapid protein folding reactions, using
a customized conventional CD instrument with a dead time of
0.39 ms and flow rates >20 mL/min.'® In this study, we describe
the development of a new instrument that uses SRCD spectros-
copy with a microfluidic mixer, allowing for much lower sample
consumption, better dead time, and measurement at 205 nm in
the presence of GAmCl. We demonstrate the mixing efficiency of
the system using fluorescence microscopy and illustrate its
applicability to protein folding in measurements of the microsec-
ond kinetics of secondary structure formation in cytochrome c.

DEVICE DESIGN, MATERIALS, AND
FABRICATION

The design of a microfluidic mixer for protein folding is driven
by the following figures of merit: dead time, mixing efficiency,
and sample consumption. The dead time corresponds to the time
difference between the onset of mixing and the first observable
point at which experimental data may be measured reliably. The
mixing efficiency is a quantitative measure of how well the
solutions are mixed. Using SRCD spectroscopy places certain
constraints on the design, materials, and fabrication techniques
to realize a compatible microfluidic mixer.

Material and Fabrication Constraints. The SRCD mixer
needs to be transparent to synchrotron radiation down to 180 nm.
Fused silica is a suitable material because it is transparent in the
UV and can be micromachined. Since SRCD radiation will be
passing directly through the substrate, the etched channel must
be sufficiently smooth in order to avoid stray light and to preserve
the polarization of the incident light. We determined that deep
reactive ion etching (DRIE) provides a suitably smooth channel
surface. This technique allows us to create structures with aspect
ratios of 3:1 or less.

Mixing Method. A mixer design suitable for our application
needs to provide a uniformly mixed solution in the observation
region larger than the synchrotron beam. Mixer designs that use
turbulence were discarded since this phenomenon occurs only
at large Reynolds numbers,'* implying large channels with high
flow rates and excessive sample consumption. Microfluidic devices
generally reduce sample consumption but they also exhibit

inherently laminar flow, a flow regime which is generally not
conducive to fast mixing. Extremely fast mixing times in the
laminar flow regime can be achieved using hydrodynamic
focusing.*'*1¢ Hydrodynamic focusing has been adapted to wide
beams,>® but those designs require high aspect ratio features and
multiple etch steps that are difficult to achieve in fused silica.
Chaotic advection, where streamlines assume a chaotic trajec-
tory,}” provides an alternative way to induce mixing. Chaotic
advection has been implemented in a variety of microfluidic mixers
with periodic perturbations, such as zig-zags,'® tesla structures,®
and serpentine shapes.?’"2* We chose to use and optimize the
serpentine design because it provides a way to mix solutions in a
device whose depth does not change, simplifying the fabrication.

Design and Fabrication of a 2-D Serpentine Mixer for
SRCD Spectroscopy. Previously designed serpentine mixers®*2*
are not transparent to synchrotron radiation and do not simulta-
neously satisfy the requirements of fast dead time (<200 us) and
low sample consumption (<300 uL/min) that we wanted to
achieve with our new instrument.
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In this study, we chose to optimize the design of a 2-D
serpentine mixer. In our device, protein solution with high
denaturant concentration is injected into the center channel, while
the buffer solution that dilutes the denaturant is injected into the
side channels (Figure 1A). The two solutions enter the serpentine
channel, in which they are mixed in the laminar flow regime by
virtue of diffusion and chaotic advection. Secondary or Dean
vortices are created in the cross-sectional plane of the channel as
the fluid flows through right-angled bends.? These vortices arise
when centripetal forces are large relative to the viscous forces on
the fluid. In pressure-driven flow, the velocity profile is parabolic
and the centripetal force is largest at the center of the channel
where the maximum velocity occurs, diminishing to zero at the
channel walls. As the centripetal force increases in magnitude,
an opposing radial pressure gradient is developed. Fluid near the
midplane of the channel is driven toward the outer channel wall
where it recirculates to the inner channel wall, resulting in Dean
vortices. Fluid flow around sharp bends also leads to the creation
of corner vortices in the longitudinal plane. At sufficiently high
flow rate, the inertia of the fluid does not allow streamlines to
“follow” the sharp bends precisely. This effect leads to the creation
of a flow-separation region formed by a stagnation point where
the streamline velocity is zero. The flow-separation region is not
part of the main flow and consists of streamlines recirculating in
a region bounded by the inner channel wall and the main flow.
At Re > 100, it is the interaction of Dean and corner vortices that
stretch, cut, and fold streamlines to produce complete mixing.

After the serpentine channel, the fluid moves through a diffuser
(Figure 1C) whose smooth curvature minimizes the creation of any
recirculation vortices in the observation channel where kinetics are
measured. There are two observation channel sections, which are
connected with a logarithmically tapered channel, allowing us to
extend the dynamic range of the measurement. Using this design,
we can perform both “fast” and “slow” kinetic measurements as the
velocity scales with the channel width. The long, wide section also
serves to reduce the operating pressure of the device. The variation
of the width of the observation channel, although beneficial to
increasing the dynamic range of our instrument, also introduced an
optical artifact because it changed the amount of collected stray light.
Since the stray light affected the SRCD signal, it was necessary to
mask off the observation channel with an aperture such that only
the CD signal from the inner 100 um is detected over the entire
length of the observation channel (Supporting Information). Filters
consisting of arrays of 10 um x 10 um posts in each of the side and
center channels are designed to minimize clogging of the mixer
(Figure 1B).

In this paper, we describe the optimization process of the
serpentine mixer geometry in which we considered several design
parameters such as the aspect ratio AR (channel depth/width),
the number of turns N, and the turn radius TR = /5w + s)
(Figure 1C). The parameter w is the channel width and (w + s)
is the spacing between turns. The depth of the channel was
dictated by the absorption characteristics of the chemical denatur-
ant, GAmCl, which scales linearly with channel depth.2% We
determined that channel depths from 10—23 um would provide
an SRCD signal that is strong enough, yet not dominated by
GdmCl absorption, so we chose the depth of 15 um for our study.
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We explored three different aspect ratios values, AR = 2, 1, and
0.5 corresponding to widths of 7, 15, and 30 um. Each design also
had N =5 or N = 10 for the number of serpentine turns. The
turn radius TR was fixed at 23 ym in order to be as short as
possible to promote chaotic mixing and to minimize the dead time
of the mixer. We characterized the extent of mixing in the different
designs first using wide field epi-fluorescence, which gives the
top-view distribution of mixing while averaging along the depth
of the channel (z-direction). We then use confocal microscopy to
determine the degree to which solutions are mixed in the z
direction.

Serpentine Channel Design for Optimal Mixing Time and
Sample Consumption. The design of the mixer was constrained
by the dimensions of the synchrotron beam, device burst pressure,
and the signal-to-noise ratio in SRCD measurements. The opti-
mization was a tradeoff between dead time and sample consump-
tion. The flow velocity was ultimately limited by the burst pressure,
which itself is limited by the mechanical strength of the 175 ym
thick fused silica coverslip. The pressure at which bursting
occurred was calculated from flow rates to be approximately 260
psi. At this maximum operating pressure, the serpentine designs
with AR = 2 and AR = 1 resulted in dead times greater than 200
us. We verified that the design with AR = 0.5 and N = 5 turns
had the best performance by experimentally characterizing the
mixing efficiency (see the Results and Discussion). The calculated
mixing time, at a point immediately after the diffuser, was #,,x =
140 us at a total flow rate of 250 uL/min, corresponding to an
operating pressure of 230 psi. At this flow rate, it takes about 8
us for the fluids to traverse the beam (calculated as the ratio of
the synchrotron beam width (20 um) to the average velocity of
2.36 m/s in the narrow part of the observation channel), indicating
that the mixing time (>8 us) determines the uncertainty in time
for our measurement. A deeper channel with lower impedance
would allow for higher flow velocity at the maximum operating
pressure, implying a shorter mixing time but at the expense of
increased sample consumption and higher GdmCl absorption. A
thicker coverslip extends the operating pressure of the mixer but
is incompatible with the high numerical aperture, short working
distance objectives used in confocal microscopy.

METHODS

Mixer Fabrication Process. Mixers are fabricated in 500 um
thick fused silica wafers (Corning 7980, OF grade) using a deep
reactive ion etching process with nearly vertical sidewalls. In order
to bulk micromachine the fused silica substrate, a suitable masking
layer must be deposited to accommodate the dry etching process.
A 2.0 um thick undoped polysilicon mask is grown in a low
pressure chemical vapor deposition (LPCVD) furnace at a tem-
perature of 625 °C on the fused silica substrate. The process gas
is SiHy at a flow rate of 250 sccm (standard cubic centimeter per
minute), and the chamber pressure is 500 mTorr. A typical
deposition rate is 75 A per min. The first mask containing the
mixer pattern is used to perform photolithography on the
substrate. The polysilicon layer is etched down to the fused silica

(26) (a) Johnson, W. C. in Circular Dichroism and the Conformational Analysis
of Biomolecules; Fasman, G. D., Ed.; Plenum Press: New York, 1996; pp
635—652. (b) Sutherland, J. C. in Circular Dichroism and the Conformational
Analysis of Biomolecules; Fasman, G. D., Ed.; Plenum Press: New York,
1996; pp 599—633.
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Figure 2. (A) Wide field epi-fluorescence image of a mixer with AR = 0.5 at a total flow rate of 250 uL/min (Re = 185). Pixel data is taken from
the 25 um x 25 um region of interest (ROI) inside the drawn black square at turns 3, 4, and 5. The calculated o values are ¢ = 0.14 at turn 3,
o =0.08 at turn 4, and o = 0.06 at turn 5. (B) Surface plot of o as a function of the number of turns, N, and the Reynolds number, Re. This plot
allows the designer to determine the number of turns and Reynolds number required for a particular value of o. o decreases with both the

Reynolds number and number of turns.

using a Surface Technology Systems (STS, Newport, U.K.) deep
reactive ion etcher (DRIE). The fused silica substrate is then
etched using an STS Advanced Oxide Etcher (AOE) to a depth
of 15 um. The AOE provides an etch selectivity of approximately
17:1 between polysilicon and fused silica. The polysilicon mask
is then removed with a XeF, etcher. Inlet holes are implemented
though the use of micro-sandblasting. Sealing of microfluidic
mixers is accomplished by direct fusion wafer bonding to another
175 um thick fused silica substrate. Both the etched and cover
substrates are thoroughly cleaned using piranha solution (sulfuric
acid + hydrogen peroxide) and a reverse RCA cleaning procedure.
Following the piranha etch, the substrates are cleaned for 20 min
in 5:1:1 H,O/NH,OH/H,0; solution at a temperature of 72 °C.
After drying, the substrates are joined together and then annealed
at 1100 °C. The aluminum aperture is next implemented by
performing photolithography on the bonded wafer stack. A 150
nm thick aluminum aperture with a 100 um gap has been
implemented through a standard liftoff process. The aperture
straddles the centerline of the observation channel, leaving a gap
of 100 um to allow for acceptable tolerances during photolitho-
graphic alignment to the 120 um observation channel.

Sample Preparation. Oxidized horse heart cytochrome ¢ (cyt
¢, from Sigma Aldrich Co., St. Louis, MO) was diluted in unfolding
buffer (4 M GdmCl, 100 mM sodium phosphate, pH 7) to a final

concentration of 50 g/L. For the reference measurements, this
solution was diluted 4-fold either with unfolding or refolding buffer
(100 mM sodium phosphate, pH 7). All solutions were filtered
(0.22 um). The reference measurements were performed at the
same total flow rate as in the mixing measurements, 250 uL per
min. For all measurements, buffer spectra where taken under
exactly the same conditions and subtracted from the protein
spectra.

Experimental Setup: SRCD. The experimental setup of our
synchrotron CD measurements was similar to the one described
by Sutherland.?®® As a synchrotron light source we used the
undulator beam line U125/2-10m NIM at BESSY I1.%” A LiF
window (Korth Kristalle GmbH, Altenholz, Germany) separates
the ultrahigh vacuum of the beam line from the experimental
chamber under atmospheric pressure. As the pressure difference
introduces stress birefringence in the LiF window, a MgF, Rochon
polarizer (B. Halle Nachfl. GmbH, Berlin, Germany) followed in
the optical path to ensure linear polarization. A photoelastic
modulator (PEM) (Hinds Instruments, Hillsboro; model I/ CF50)
for converting the linearly polarized light into circularly polarized
light was used. A Suprasillens (B. Halle Nachfl. GmbH, Berlin,

(27) Reichardt, G.; Bahrdt, J.; Schmidt, J. S.; Gudat, W.; Ehresmann, A.; Muller-
Albrecht, R.; Molter, H.; Schmoranzer, H.; Martins, M.; Schwentner, N.;
Sasaki, S. Nucl. Instrum. Methods Phys. Res., Sect. A 2001, 467, 462—-465.
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Germany) with a focal length of 10 mm (at A = 200 nm) focused
the beam to a spot size of 20 (+2) um horizontally and 60 (£5)
um vertically (full width at halfmaximum) parallel and perpen-
dicular to the direction of sample flow, respectively. Three
motorized translation stages (Physik Instrumente, Karlsruhe,
Germany; model M-111.1) allowed movement of the mounted
microfluidic device and enabled precise positioning of the focused
synchrotron beam within the observation channel. The flow rates
of the sample were controlled by precision syringe pumps as
described in the next section. The transmitted light was detected
with a low noise, solar blind channel photomultiplier (Perkin-
Elmer, Waltham, MA, model CPM 1321). The photon flux at the
sample position at 204 nm was about 5 x 10*° photons/s and at
220 nm about 5 x 10! photons/s at a bandwidth of 0.3 nm. The
absolute CD sensitivity of the setup was calibrated with the
calibration standard (+)-10-camphorsulfonic acid (CSA).2®

MEASUREMENTS OF MIXING EFFICIENCY

Wide Field Epi-Fluorescent Microscopy and Image Analy-
sis. Mixing was first observed through a wide field epi-fluorescent
microscope. Mixing is observed as a function of flow rate by
measuring the fluorescence intensity of 10 xM fluorescein mixed
with 100 mM phosphate buffered saline (PBS). The mixer chip
was mounted on an acrylic holder and then placed on the stage
of a Nikon TE2000-U inverted microscope. A mercury lamp was
used for illumination. Images were recorded with a Coolsnap FX
CCD camera (Roper Scientific, Inc., Tuscon, AZ) through a 20x
objective, NA = 0.40 with resolution 0.25 um/pixel. The center
and side channels were each connected to separate PHD 2000
syringe pumps (Harvard Apparatus) through the use of Teflon
tubing and Upchurch fittings. Hamilton gastight syringes of 7.28
and 10.3 mm diameters were used for the center and side
channels, respectively. The center channel contained the fluores-
cein solution and the side channel contained the PBS solution.
The two solutions were mixed in the ratio 1:4.

In order to quantify the mixing process, we define ¢ as a
measure of inhomogeneity of the solution. Its definition is based
on the standard deviation of the pixel intensity and the average
intensity in a given region of interest (ROI) in the serpentine

channel:
./ 1f I, — 0y
n& !
-y = 00 1)

o= o

where I; is the background-corrected value of the ith pixel, OCis
the average value of the background corrected intensity, and # is
the total number of pixels in the ROI. In our analysis of wide field
epi-fluorescence images, a ROI of 100 x 100 pixels is chosen,
corresponding to physical dimensions of 25 yum x 25 um. In the
absence of instrumental noise, the distribution of intensities in a
completely mixed solution should have a o value of 0. In reality,
noise introduces a variation in fluorescence intensity even for
completely mixed solutions and results in a nonzero ¢.2° In order
to measure this noise value, we calculated o for the image of a

(28) Chen, G. C.; Yang, J. T. Anal. Lett. 1977, 10, 1195-1207.
(29) Floyd-Smith, T. M.; Golden, J. P.; Howell, P. B.; Ligler, F. S. Microfluid.
Nanofluid. 2006, 2, 180-183.
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homogeneous fluorescein solution in the channel (i.e., premixed
fluorescein in PBS buffer in the volume ratio 1:4) and obtained a
value of o = 0.04. Mixing images were recorded over a range of
Reynolds numbers, 37 < Re < 185, with the corresponding o
values calculated at each of the 5 turns.

Confocal Microscopy and Image Analysis. Mixing was also
observed with a confocal microscope. A CW argon ion laser
(Coherent, Inc., Santa Clara, CA) provides excitation at 488 nm
through an inverted microscope (Nikon Eclipse TE300) with a
60x, 0.8 NA objective. The fluorescent signal was collected with
the same objective and passed through a dichroic mirror and a
50 um pinhole to an avalanche photodiode (APD, Perkin-Elmer
Optoelectronics, Fremont, CA). A three-axis piezoelectric stage
(Physik Instrumente, Germany) with nanometer resolution was
used to scan confocal images. The stage was controlled with
custom software developed in LabView (National Instruments,
Austin, TX). The integration time per pixel was 10 ms. Scans were
performed at the fifth turn of the serpentine channel and were in
the cross-sectional plane of the channel (YZ plane). Each scan
was 50 um wide (transverse, Y-direction) and 20 um deep
(Z-direction). The resolution was 0.25 um/pixel in the Y-direction
and 0.20 um/pixel in the Z-direction. Mixing experiments at the
viscosity of water were performed with 10 M fluorescein solution
and 100 mM PBS under the same conditions as the previous epi-
fluorescent experiments. Mixing experiments at higher viscosity
were performed with 10% w/w glycerol in 10 uM fluorescein
solution and 100 mM PBS buffer. We adjusted the viscosity to
match the viscosity of 4.0 M GdmCl solution used in the protein
folding kinetics experiments (30% higher than water at 20 °C).
The mixing efficiency for confocal measurements is defined the
same way as for the wide-field epi-fluorescence experiments. The
ROI is chosen to be 40 x 80 pixels (8 um x 20 um) to remove
variations in the fluorescence intensity from optical effects at the
channel walls. A noise value of o = 0.07 was calculated for both
aqueous and viscous premixed images.

RESULTS AND DISCUSSION

Quantification of Mixing Using Wide-Field Epi-Fluores-
cent Imaging. The mixing efficiency of the optimized serpentine
mixer was first studied as a function of the number of turns and
Reynolds number using wide-field epi-fluorescence microscopy.
We compared two designs with AR = 0.5, one with N = 5 turns
and the other with N = 10. An optimal mixing efficiency that
corresponds to ¢ = 0.06 was achieved with both designs but at
different Reynolds numbers. For the 10 turn mixer, optimal mixing
was achieved at Re = 111, while for the mixer with 5 turns, it was
achieved at Re = 185. Figure 2A shows the progressive improve-
ment in mixing efficiency with increasing number of turns at
Re=185. The overall mixing performance is summarized by the
surface plot in Figure 2B, showing the o value as a function of
the number of turns, N, and Reynolds number, Re. This plot allows
the designer to determine the parameters required for a particular
value of mixing efficiency. As expected, the mixing efficiency
improves (o decreases) with both Reynolds number and N.

Quantification of Mixing Using Confocal Imaging. Confocal
imaging was performed on the optimized five-turn mixer design
to additionally investigate the degree of mixing in the z-direction.
In addition to measuring mixing for solutions with viscosity equal
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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

\ --w-- Viscous Confocal
\ --W - Aqueous Confocal
k —&— Aqueous Epi

sigma. o

T T T T T T T T T T T T T 1
75 100 125 150 175 200 225
Reynolds Number, Re

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™*. 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.

30) Chan, C. K; Hu, Y.; Takahashi, S.; Rousseau, D. L.; Eaton, W. A.; Hofrichter,
J. Proc. Natl. Acad. Sci. U.S.A. 1997, 94, 1779-1784.

(31) Winkler, J. R. Curr. Opin. Chem. Biol. 2004, 8, 169-174.

(32) Elove, G. A.; Chaffotte, A. F.; Roder, H.; Goldberg, M. E. Biochemistry 1992,
31, 6876-6883.

(33) Shastry, M. C.; Roder, H. Nat. Struct. Biol. 1998, 5, 385-392.
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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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Supplementary Figure 1: SRCD Mixer. (A) Schematic diagram showing design details
of the optimized 5-turn mixer. The topside aperture is shown in (green) straddling the
two-section observation channel with a gap of 100 pum. The first section of the
observation channel is 120 pm wide and is 1.4 mm long. The second section is 1000 um
wide and 10.4 mm long. (B) Filter posts consisting of arrays of 10 ym X 10 um pillars in
each of the buffer and protein channels are designed to minimize clogging of the mixer.
(C) Design details of the optimized serpentine channel showing the channel width, w, and
turn radius TR=1/2(w+s). The smooth curvature of the diffuser minimizes the creation of
any recirculation vortices in the two-section observation channel where kinetics are
measured.



Calculation of the time after mixing from the position in the observation channel
The time ¢ after mixing at a point x was calculated as

H(x) = V(X)

tdead 4 (S 1)

where V(x) is the volume between the starting point of the observation region and x,V is
the total flow rate, and ?4.,4 1S the deadtime of the mixer at the chosen flow rate.

We used a laminar flow profile (1) to calculate the position-dependent flow velocity v as

cosh(iﬂz/Za) y cos(izy/2a)
cosh(i7zb/2a) A ’

VD= A 3D

i=1,3,5,..

(582
1

where a denotes the width and b the depth of the channel. y and z originate from the
center of the channel cross section and indicate the coordinates in the direction of channel
width and depth, respectively. The prefactor A is adjusted to get the known flow rate
when v is integrated over the whole channel. Note, however, that in the ratio of the
average flowrate in the synchrotron beam V., and in the whole channel Ve, A
cancels, and for our geometry we obtain:

T j v(y,z)dydz

v eam y=02z=0
b S ~1.081. (S3)
channel I I V(y’ Z) dy dZ
y=0z=0

Using this approach, we find a total flow rate of 270 uL/min in the part of the cross
section where the beam passes over the channel. Over the range of observation positions,
the time versus position conversion function is affected only slightly compared to the
average over the entire channel, as shown in the inset to figure 5.

(D) White, F. M. Viscous Fluid Flow 1991 (New York: McGraw-Hill)
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