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Recent years have seen significant progress in the develop-
ment of microfabricated systems for use in the chemical and
biological sciences.'! Much of this development has been
driven by a need to perform rapid measurements on small
sample volumes in areas such as chemical synthesis,”’ DNA
analysis,” drug discovery,” pharmaceutical screening,” pro-
teomics,” and medical diagnostics." It is well recognized that,
when compared to macroscale instruments, microfluidic
systems engender a number of distinct advantages with
respect to speed, analytical throughput, reagent usage,
process control, automation, and operational and configura-
tional flexibility. Although all these advantages are directly
facilitated by system downscaling (and the associated
improvements in both mass and thermal transfer), the
instantaneous-reaction volumes that characterize microflui-
dic systems typically range from a few picoliters to hundreds
of nanoliters. This means that analyte detection and identifi-
cation is a significant challenge and often defines the principal
limitations of a microfluidic system.®! Despite this problem, a
variety of detection methods have been successfully trans-
ferred and integrated with microfluidic systems.”
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The use of fluorescence as a readout mechanism in
microfluidic systems is advantageous because of the high
sensitivity, noninvasiveness, and ease of implementation of
this method. Accordingly, fluorescence methods are routinely
used in a wide range of analyses in single-point or imaging
modalities. Although useful and easy to implement, steady-
state (time-integrated) fluorescence methods are limited with
respect to quantitative analysis of fluidic samples because of
their sensitivity to experimental parameters such as optical
pathlength, radiation scattering, inhomogeneous excitation,
and fluorophore bleaching.”) In contrast, time-resolved
fluorescence techniques are particularly advantageous for
quantifying fluorescence emission because their ratiometric
nature makes them largely independent of instrumentation-
based artifacts associated with excitation and detection
efficiencies, background scattered radiation, and autofluor-
escence. The enhanced quantification available with fluores-
cence-lifetime imaging (FLIM) has recently been used by
Benninger et al. to quantitatively map fluidic temperatures in
microfluidic environments with micrometer spatial resolu-
tion.'”? Furthermore, FLIM has been used to perform three-
dimensional spatial mapping of solvent viscosity and
mixing!!! and to evaluate laminar flow in microfluidic
systems.'?!

Herein we extend the utility of time-resolved fluorescence
imaging as a detection modality for microfluidic systems by
reporting the study of DNA-dye binding interactions in
continuous-flow microfluidic reactors. In contrast to typical
bulk studies of DNA—dye interactions where only the end
point of a reaction is accessible,'” the use of a continuous-
flow microfluidic reactor enables the extraction of kinetic
information through a time-to-space conversion, that is,
multiple time points can be accessed by measuring at different
positions along the mixing channel. Microfluidic systems
therefore provide an ideal platform for studying the temporal
variation in fluorescence kinetics during and after DNA-dye
binding, while the application of time- and polarization-
resolved fluorescence imaging facilitates the resolution of
multiple reaction species through their respective decay
kinetics and rotational mobility. Crucially, the combination
of microfluidics and FLIM generates novel information that
cannot be extracted from bulk measurements or time-
integrated fluorescence signals alone. Specifically, in this
study we demonstrate the resolution of emitting states of the
DNA -intercalating dye Hoechst 33258 (H33258) as it binds to
large DNA plasmids in the nonequilibrium conditions pro-
vided by a simple microfluidic reactor.

Time-resolved fluorescence imaging of the microfluidic
environment was achieved by using a quasi-widefield multi-
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Figure 1. a) Schematic representation of the 3D FLIM system: pulsed
infrared illumination is coupled into the TriMScope for beam muilti-
plexing and scanning. This illumination is focused onto the sample,
where two-photon excitation occurs in only a thin optical section. The
fluorescence emission is imaged onto a HRI read out by a CCD
camera. For polarization resolution, the PRI is included in the
detection path. b) Simplified representation of the microfluidic reactor.

focal multiphoton microscope (TriMScope, LaVision Biotec,
Bielefeld, Germany) coupled to an ultrafast time-gated
intensified camera (HRI, Kentech Instruments, Didcot,
UK), which is described in detail elsewhere.l''! The two-
photon fluorescence-lifetime imaging system used in this
study is schematically represented in Figure 1. The time-gated
intensifier allows 500-ps time-gated images to be acquired at
different delays after excitation, thereby sampling the fluo-
rescence-decay profiles. For polarization resolution, a two-
channel imager (PRI; DualView, Optical Insights Inc, Tucson,
AZ) splits the image into two subimages resolved with
orthogonal polarizations that can then be overlaid to calculate
the fluorescence anisotropy. Time-gated fluorescence-inten-
sity and -anisotropy data are then analyzed by using home-
developed MatLab (The Mathworks, Natick, MA) routines.

A low-Reynolds-number poly(dimethylsiloxane) (PDMS)
molded microfluidic device was fabricated.''l The microchip
layout comprises two inlets, a 50-pm-wide, 60-um-deep, and 7-
cm-long mixing channel, and a common outlet. To study
DNA-dye binding within the microfluidic system, purified
5.8-kbp DNA plasmids (200 um, 45% AT content) and
aqueous solutions of H33258 (15 pum) were hydrodynamically
introduced through the two inlet channels at volumetric flow
rates of 50 and 100 nLmin', respectively. For the current
device under normal operating conditions, flow is laminar
(with a Reynolds number of 0.03) and mixing between
component streams occurs by diffusion only. This is evident
from the time-integrated fluorescence-intensity images of a
45 x 50 um section of the microchannel presented in Figure 2.

At short residence times (Figure 2a) close to the point of
confluence, a sharp increase in the time-integrated fluores-
cence intensity is observed as the H33258 molecules bind
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Figure 2. DNA stream enters the mixing channel from the left-hand
side, with the H33258 flow entering from the right. Representative
time-integrated fluorescence-intensity images and cross-sectional pro-
files at different residence times from the point of confluence are
shown: a) t=300 ms, b) t=7.2 s, c) imaged after zero flow for 10 min,
that is, t—o0. The scale bar represents 10 um. Increased fluorescence
intensity is observed at the region of interdiffusion between the two
flows, as H33258 binds to DNA. The asymmetric intensity profile
across the channel in (b) reflects the fact that the smaller H33258
fluorophores diffuse more rapidly than the large DNA plasmids. In (a),
the flow interface is to the left of center due to the 2:1 flow-rate ratio
between the H33258 (right) and DNA (left) flows. It should be noted
that high fluorescence intensities were also observed near the micro-
channel walls, owing to surface-adsorbed dye. For clarity, these regions
were excluded from the plots. Fluorescence owing to the scanning
swing-back loop is, however, still observed.

DNA plasmids in the locality of the flow interface between
the two streams. With increasing residence time (Figure 2b),
the fluorescence intensity increases asymmetrically across the
channel, with a bias towards the DNA flow side since the
smaller H33258 molecules diffuse more rapidly into the DNA
flow than vice versa. At long residence times, when mixing is
complete, a symmetric fluorescence-intensity profile is
observed across the channel, as expected (Figure2c). It
should be noted that in some cases a significant increase in
fluorescence intensity is also observed in the locality of the
microchannel walls. We attribute this observation to non-
specifically adsorbed, immobilized H33258 molecules (data
not shown). By using two-photon excitation, however, we
could selectively excite fluorescence in a single optical plane
and thus minimize the contribution of any surface effects on
our flow-interface measurements.

Time-gated fluorescence measurements were subse-
quently performed across the microchannel (with a spatial
resolution of 1 pm), at residence times equivalent to those in
the data presented in Figure 2. All data were analyzed
globally by using a biexponential decay function, where the
recovered decay times are common to all data sets. Fits for all
data sets are of good quality and clearly demonstrate the
existence of two discrete molecular populations, one with a
characteristic decay time of 300 ps (indicative of free H33258
molecules) and one with a characteristic decay time of
approximately 3500 ps (indicative of the formation of specific
complexes between H33258 and DNA). Although detailed
analysis has shown that H33258 molecules can interact with
DNA through several binding modes, a two-state model is
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considered to be a reasonable approximation at the relatively
low H33258/base-pair ratio used in the current studies.'”
Figure 3a displays false-color-scale images of the mean
fluorescence-decay time, obtained at equivalent residence
times to those of the images displayed in Figure 2. A marked
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Figure 3. Representative data of time-resolved fluorescence imaging at
equivalent residence times to those for Figure 2: 1) t=300 ms,
2)t=7.2s, 3) t—o0. a) False-color-scale maps of the mean fluores-
cence-decay time. The scale bar represents 10 um. b) Recovered
preexponential factors (A) from global analysis of fluorescence decays
for a biexponential decay model with component lifetimes of 300 ps
and 3.5 ns. The distribution of the long-lifetime component (solid line)
corresponds to DNA-bound H 33258 and the distribution of the short-
lifetime component (dot—dash line) corresponds to unbound H 33258.
The third profile (b) is plotted on an offset scale to account for the
increase in fluorescence at residence time t—oo.

increase in the mean fluorescence lifetime is observed in the
regions of interdiffusion between the two flows where the
H 33258 fluorophore forms a stably bound complex with the
DNA. Further information can, however, be obtained by
resolving the multiple components of the fluorescence decay.

Figure 3b displays profiles of the amplitude of each decay
component across the channel at various residence times.
Visual inspection shows that the spatial variation of the
amplitude of the component with a long (3.5 ns) decay time at
all residence times demonstrates close correspondence with
the variation in time-integrated fluorescence intensities
(Figure 2) and therefore provides a useful diagnostic indicator
of the progress of mixing. A short-lifetime (300 ps) compo-
nent is also isolated. Initially the corresponding preexponen-
tial factor is greater in the H33258 flow (Figure 3b, first
profile), but it subsequently becomes uniform across the
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channel (Figure 3b, second profile). At the end point, this
preexponential factor decreases throughout the channel. This
behavior corresponds to free H33258 molecules diffusing
throughout the DNA flow and then being depleted as they
bind to DNA. At a residence time of 7.2's, the mean
interdiffusion distance of free H33258 molecules in aqueous
solution is approximately 46 um (based on a diffusion
coefficient of D =300 pms~2), which results in nearly com-
plete diffusion across the 50 um wide channel, as observed in
Figure 3b, second profile.

By taking the amplitude of the preexponential factors (A;)
to be proportional to the populations of free and bound
H 33258, the relative population of the unbound fraction in
the region of mixing can be estimated to be as much as ~ 30 %
at a residence time of 7.2 s; this value decreases to less than
10% as t—oo. This analysis, directly facilitated by the ability
to rapidly extract time-resolved fluorescence images from the
system, thus allows resolution and relative quantification of
multiple states of the H33258 molecules. This is ultimately
limited by the temporal resolution of the system of ~ 100 ps,
which is sufficient for resolution of the population of free
H33258. By comparison, time-integrated fluorescence meas-
urements are unable to discriminate between binding events
and changes in local dye concentration or variations in
experimental conditions and thus can only provide qualitative
information about DNA-dye interactions.

To further characterize the DNA-H 33258 binding inter-
actions, time-resolved, fluorescence-anisotropy measure-
ments were performed to probe the rotational mobility of
free and bound H33258. Figure 4 displays both time-averaged
and time-resolved fluorescence-anisotropy data for equiva-
lent residence times to those of the profiles shown in Figures 2
and 3. Figures 4a and 2a-c, bottom show close correspond-
ence, with areas of high fluorescence anisotropy being
equivalent to areas of high fluorescence intensity. Anisotropy
provides a direct diagnostic indicator of DNA-dye interac-
tions and mixing since binding restricts the rotational mobility
of the dye molecules and yields increased anisotropy values.

Time-gated fluorescence-anisotropy data were analyzed
by using a biexponential decay model corresponding to a two-
state model of binding. In Figure 4b, an approximately 10-ns-
long rotational correlation with a preexponential-factor
profile matching that of the time-integrated fluorescence
anisotropy and intensity is observed. Interestingly, the
correlation time is lower than expected for the rotational
motion of a 5.8-kpb plasmid. This observation is likely to be
due to torsional motion of DNA plasmids or rotation of
H 33258 molecules in their binding state. A component with a
short (~500ps) correlation time is also isolated, with a
preexponential-factor profile representing the diffusion of
free H33258 molecules. From the Stokes-Einstein-Debye
relation, the short correlation time is consistent with the
rotational motion of free H33258 molecules and reflects a
mean molecular radius of 0.72 nm. From both the time- and
polarization-resolved data, isotropic-fluorescence-decay data
can be reconstructed that are equivalent to those in Figure 3,
albeit here with reduced temporal resolution.

Observation of both the fluorescence lifetime and the
rotational correlation time at various residence times after the
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Figure 4. Representative data from time-resolved fluorescence-aniso-
tropy imaging at equivalent residence times to those for Figure 2:

1) =300 ms, 2) t=17.2's, 3) t—00. a) Steady-state fluorescence-aniso-
tropy profiles across the microchannel. Regions of high fluorescence
anisotropy correspond to reduced rotational mobility due to binding of
H33258. b) Recovered preexponential factors (A;) from global analysis
of fluorescence-anisotropy decays for a biexponential decay model with
time constants of 500 ps and 10 ns. The distribution of the long-
lifetime component (solid line) again corresponds to DNA-bound

H 33258 and the distribution of the short-lifetime component (dash—
dot line) corresponds to unbound H 33258.

initiation of mixing allows the resolution of multiple fluoresc-
ing states, which is particularly advantageous in the resolution
of complicated reaction mechanisms. In the current studies, at
short residence times (0.3s and 7.2s) a population of
unbound H33258 molecules was resolved in regions of
mixing and could be compared with an absence of this
population at the end-point state (with stationary-flow
conditions). This indicates that these short-residence-time
states are far from equilibrium conditions. By using the
analysis presented by Salmon etal.,'” where reaction-
diffusion-reaction times are considered, it may also be
possible to quantify the kinetics of such interactions. This
approach is conceptually similar to studies presented by
Lipman et al.,['! where protein-folding and -unfolding tran-
sitions were probed with single-molecule fluorescence-reso-
nance energy-transfer (FRET) analysis, thereby allowing
subpopulations to be resolved in nonequilibrium states. In the
studies described herein, however, ensemble-based detection
facilitates the resolution of multiple interaction states.
Microfluidic DNA-hybridization studies, such as those
reported by Heule and Manz,['” have until now been limited
in their ability to discriminate intercalated dye from unbound
dye or, more importantly, from dye intercalating into
dimerized single-stranded DNA. The use of fluorescence-
lifetime imaging in such applications would provide a direct
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route to both species discrimination and population quantifi-
cation.

Significantly, the ability to image fluorescence parameters
such as lifetime, spectrum, and polarization in three dimen-
sions at high spatial resolution dramatically expands the
information content accessible for a chemical or biological
system. It should be appreciated that, although microfluidic
systems afford precise control over experimental parameters
such as reagent concentration and temperature,['¥ extraction
of the generated information is normally inefficient. The
application of the fluorescence-lifetime imaging modalities
described herein dramatically expands the information that
can be extracted from such systems.

To summarize, the implementation of quantitative time-
resolved fluorescence-imaging techniques provides a power-
ful route to the resolution and quantification of multistate
chemical and biological systems. In conjunction with micro-
fluidic technology affording precise spatial and temporal
reaction control, as well as high signal integration, this is a
powerful technique, applicable to a wide range of studies.
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