Time-resolved fluorescence imaging of solvent

interactionsin microfluidic devices

Richard K. P. Benninger, Oliver Hofmann, James M cGinty, Jose Requej o-1sidro,

lan Munro, Mark A. A. Nell, Andrew J. deMello and Paul M. W. French

Department of Physics and Department of Chemistry, Imperial College London, South Kensington,
London, SW7 2AZ, UK.
richard.benninger @imperial.ac.uk

Abstract: We present the application of widefield time-resolved
fluorescence imaging methods for the study of solvent interactions and
mixing in microfluidic devices. Time-resolved imaging of fluorescence
polarization anisotropy allows us to image the local viscosity of fluorescein
in three dimensions in order to directly monitor solvent mixing within a
microfluidic channel. This provides a viscosity image acquisition time of
the order of minutes, and has been applied to a steady-state laminar flow
configuration. To image dynamic fluid mixing in real-time, we demonstrate
high-speed fluorescence lifetime imaging at 12.3 Hz applied to DASPI,
which directly exhibits a solvent viscosity-dependant fluorescence lifetime.
These two methods facilitate a high degree of quantification of microfluidic
flow in 3-D and/or at high speed, providing a tool for studying fluid
dynamics and for devel oping enhanced microfluidic assays.
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1. Introduction

Microfluidic chip technology offers many promising applications in the fields of chemistry
and biology including immunoassays, DNA amplification, DNA sequence analysis, high-
throughput screening, process control, environmental monitoring and cell sorting; providing
advantages such as low cost fabrication, reduced reagent consumption, high analytical
throughput, improved analytical performance and enhanced portability [1-3]. Fluorescence
detection, in imaging or single point measurement modalities, provides a useful read-out that
is potentially rapid, non-invasive, sensitive and straightforward to implement [4]. Imaging of
(time-integrated) fluorescence intensity has been applied to monitor reactions such as
miniaturized immunoassays [5, 6] and also to measure temperature profiles within
microchannel environments [7]. Quantification using fluorescence intensity, however, has
several drawbacks including pollution from scattered light, substrate and reagent
autofluorescence  (inner  filter effects) and fluorophore concentration artefacts.
Multidimensiona fluorescence imaging (MDFI) techniques, including spectrally-resolved
imaging, fluorescence lifetime imaging (FLIM), polarization-resolved imaging and
fluorescence correlation spectroscopy can address these issues by providing a read-out signal
that is independent of intensity (excitation and collection efficiency), fluorophore
concentration and photon path-length. Various MDFI techniques have been successfully
implemented in microscopy and high throughput screening modalities [8] and we now report
the application of MDFI — and particularly time-resolved fluorescence imaging techniques to
microscale analysis. We suggest that studies of fluid flow and dynamics in microfluidic
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devices will aid the further development of this technology and may also lead to new assay
tools in which effects resulting from fluid dynamics may be differentiated from, e.g.
photochemical reactions.

Bulk measurements of fluid viscosity have previously been shown to be possible
(averaged over the whole fluid) in micro-channels from inter-diffusion of 2 flows; one of
known viscosity [5]. In this work we apply time-resolved fluorescence imaging to directly and
quantitatively image the depth-resolved 3-D viscosity distribution of solvents flowing through
amicrofluidic mixer channel. For maximum benefit we apply two complementary techniques.
We image the local viscosity of fluorescein utilizing time-resolved fluorescence anisotropy
imaging [9], which is analogous to the “rFLIM” frequency domain technique [10], and which
essentially allows us to determine the distribution of fluorophore rotational mobility. In the
work presented here we add optical sectioning to this technique, implemented in a ‘wide-
field’, multi-photon microscope. This multiphoton microscope system multiplexes the input
femtosecond laser beam to produce multiple foci, and images with a wide-field detector, such
that the sample can be scanned rapidly, and produces a greater signal-to-noise whilst
minimizing the non-linear photodamage associated with two-photon microscopy [11]. The
calculation of the rotational mobility requires a high signa to noise ratio in the measured
fluorescence decay profiles that typically results in acquisition times of up to several minutes
per sectioned “image”, rendering this technique suitable for imaging steady-state fluid
distributions to a high degree of quantification. To image dynamic fluids, we can use high-
speed (up to video rate) FLIM based on rapid lifetime determination, which we have
previously demonstrated for real-time FLIM endoscopy [12]. To obtain viscosity
distributions, we employ a fluorophore (DASPI) whose fluorescence lifetime is directly
dependant on the local solvent viscosity. This permits real-time imaging of dynamic fluid
flow.

2. Experimental procedure
2.1 Microfluidic system

The microfluidic devices were fabricated by poly(dimethylsiloxane) (PDMS) molding from
SU-8 masters. Negative tone SU-8-50 photoresist was first spun onto a glass support at 2000
or 3000 rpm yielding 60 or 30-um-thick layers, respectively (Microchem Corp, Newton,
MA). Soft-baking was performed on a hot plate at 95° C for 20 min. Exposure of the SU-8
substrates was through a chromium mask fabricated in-house. In short, the microchannel
layouts were designed in AutoCAD and transferred onto a glass wafer pre-coated with
chromium and positive photoresist (Nanofilm, Westlake Village, CA), using a direct writing
laser system (DWL2.0, Heidelberg Instruments, Germany). llluminated photoresist was
subsequently removed with developer (Microposit, UK) and exposed chromium etched away
with Lodyne etchant (Microchem Systems, UK), yielding the mask. Illumination of the SU-8
substrate through the mask was performed for 20 s with a 200 Watt UV lamp in a customized
collimating lamp housing (Goulding & Partners, UK). This was followed by a post exposure
bake for 10 min at 95° C and development with propylene glycol monomethyl ether acetate
(PGMEA) for 5 min. For PDMS molding a 10:1 w/w-mixture of monomer and hardener
(Sylgard 184, Dow Corning) was degassed under vacuum for 10 min, poured onto the SU-8
master and then cured at 95° C for 1 hour. After pealing off the hardened PDM S, access holes
were punched at the channel ends with 2-mm-diameter glass Pasteur pipettes. To yield rigid
microfluidic test devices, 1-mm-thick microscope slides were used as the chip-to-world
interface. Holes coinciding with the access holes in the PDM S microfluidic layer were drilled
with a 1-mm-diameter diamond drill bit. Standard fused silica capillaries (150 um 1.D., 367
um O.D., Composite Metal Services, Halow, UK) were then inserted and fixed with
chemically resistant epoxy to serve as fluidic reservoirs (Araldite 2014, RS Components,
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Corby, UK). For optical imaging the PDMS microchip was reversibly attached to a
microscope cover slip.

The microchip layouts comprise three inlets (only two were used for the presented work),
amixing channel and a common outlet. For 3-D viscosity mapping, two different microchips
were employed. Microchip 1 has 50-um-wide, 30-um-deep and 1-cm long inlets and a 50-
um-wide, 30-um-deep and 7-cm-long mixing channel. Microchip 2 has identical dimensions
but is 60-um-deep. For high speed dynamic viscosity imaging Microchip 3 with 100-um-
wide, 60-um-deep and 1-cm long inlets and a 100-um-wide, 60-um-deep and 7-cm-long
mixing channel was used.

For flow generation a Baby Bee syringe pump with 1 mL and 0.5 mL Bee Stinger
gastight syringes (BAS, West Lafayette, In, USA) was employed. The syringes were
connected to 1.6mm 1.D. high-pressure finger-tights (VWR, Poole, UK) via 762um |.D.
PEEK tubing (Supelco, Bellefonte, PA, USA). The outlet of the finger-tights comprised
356um 1.D. Teflon tubing (Anachem, Luton, UK) which could be connected to the capillary
reservoirs of the PDM S microchips.

2.2 Time-resolved imaging of fluorescence anisotropy of fluorescein for 3-D imaging of
viscosity.

This method utilizes a wide-field sectioning approach, as described in [13], in combination
with polarization-resolved time gated imaging [14]. A schematic of the experimenta
configuration can be seen in Fig. 1. Laser illumination is provided by a mode-locked
Ti:Sapphire laser (Tsunami, Spectra Physics,) pumped by the 10.5 W (single line at 514.5 nm)
output of an argon ion laser (Beam Lock, Spectra Physics). This produces pulses of ~100 fs
full width at half-maximum (FWHM) at a repetition rate of 80 MHz with an average power of
~1.2 W at 780 nm. This ultrafast laser output is coupled into a beam multiplexer (TriM Scope,
LaVision BioTec GmbH) that is connected to a modified inverted microscope (IX-71,
Olympus) in epi-illumination geometry. Briefly the single input laser beam is dispersion
compensated (pre-chirp) before entering a cascaded beam splitter. Here the beam is split into
two sets of 32 beams with orthogonal polarizations, where both, either or neither sets of
polarized beams can be selected through use of a shutter. These two sets of beams are
recombined, passed through a scanner, and overfill the back aperture of a x63 NA1.4 oil
immersion objective or a x40 NAO.75 air objective (Leica Microsystems AG). At the back
aperture each beam is incident at a differing angle such that at our sample plane we have a
line of 32 evenly spaced foci. This line of foci can be scanned in one direction paralel to the
line to create a more homogeneous line excitation that may also be scanned in a perpendicular
direction to produce a quasi-wide-field two-photon excited fluorescence image that may be
viewed directly or recorded using a wide-field detector such asa CCD camera.

For this work we use just one set of 32 linearly polarized excitation beams to scan the
sample and the resulting fluorescence is imaged onto a wide-field two channel polarization-
resolved imager (Dual View, Optical Insights Inc.) that splits the image into two sub-images
resolved with polarization parallel and perpendicular to the excitation polarization. This
composite image is relayed to a wide-field time-gated image intensifier (HRI, Kentech
Instruments Ltd) and CCD Camera (Imager Intense, LaVision GmbH) to acquire a series of
pairs of time-gated, polarization resolved images.
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Fig. 1. Schematic of rFLIM setup
For each time delay after excitation we calculate the fluorescence anisotropy:

ll ||(t)_GI J_(t)J
rt)= [1,(t)+2G1, (t)] W

Where r(t) is the fluorescence anisotropy at time t after excitation; I(t) and 1,(t) are time
gated intensities at time t after excitation, in the polarization channel parallel and
perpendicular to excitation polarization, respectively. G refers to the G factor, and accounts
for the fact that parallel and perpendicular emission channels might have different
fluorescence collection efficiencies. In our case the G factor is calculated as follows in Eq.

(2):[19]
Iy | %
G= [ﬂ L ] )
IVH lHH

Assuming the excitation polarization in the measurement is directed ‘vertical’, |\ refers to
vertical excitation, vertical emission. lyy is vertical excitation horizontal emission, etc. The
intensity used here is the time gated intensity to account for the fact that the G factor could
vary throughout the fluorescence decay [9].

When fluorescence detection is made using a high NA objective, there can be
significant depolarization of the fluorescence. This results in cross talk between the two
polarization channels as well as detection of axialy polarized emission [16]. The detected
polarizations are a function of the 3 emission polarizations:

I":KaIX+Kny+KCIZ IL:KaIX+KbIZ+KCIy (3ab)
where K, are constants expressed in [16] that depend on the detection NA (in the limit of O
NA, K=1, Ki=K,=0) , I, are emission intensities polarized along the x,y,z axis. x refers to
the optical axis, y refers to perpendicular emission, and z to paralel emission. For an
isotropically orientated system as studied here, 1,=1,, and so the parallel and perpendicular
polarization emission at the sample can be calculated for agiven NA.

We thus obtain the time variation of the fluorescence anisotropy parameter, the decay
congtant of which is the rotational correlation time or rotational diffusion time. This is
calculated by fitting the anisotropy decay to the following single exponentia decay in Eq. (4).
This equation assumes that we are dealing with a spherical molecule, without any hindered
motion, which is valid for fluorophores in solution, as applied here, but could be invalid if
dealing with fluorescein in cells. We also note that with multi-photon excitation, fluorescence
anisotropy decays can, in principle, be different from the single-photon case. In the case of
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fluorescein, this difference has been shown to be insignificant, e.g. [9], although for some
fluorophores, there can be a more significant variation [17].

r(t)=r, expl-Y/) (@

The decay constant ¢ is directly proportiona to the viscosity through the Stokes-Debye-
Einstein relationship.

g= 1
3KT

V is the molecular size, # is the viscosity, k is Boltzman's constant, and T is temperature. We
have established that this relationship holds well for fluorescein over viscosities of 1-70 cP
(equivalent to pure water and pure glycerol respectively) [9], but for other fluorophores this
would need to be verified.

Since our fluorescence emission is intrinsically sectioned due to the multiphoton
excitation, we can step the excitation to different z planes using a motorized focus adjustment
(MFD, Mérzhduser), and recongtruct the full x,y,z viscosity profile. Instrumentation is
controlled through the “Imspector” software developed by LaVision BioTec and image
processing is carried out using Matlab and Labview programmes developed in-house. The
images are trandated, rotated and expanded such that they overlay to within 1 pixel. A
background subtraction is then performed by taking an average over a dark corner of the last
time gate. Fluorescence anisotropy is calculated and fitted on a pixel by pixel basis using a
Levenberg-Marquardt nonlinear least squares fitting algorithm. Images are represented in
HSV format, where Hue encodes rotational correlation time, Saturation is at a constant
maximum, and Value encodes total isotropic intensity.

©)

2.3 Real-time FLIM of DASPI for dynamic viscosity imaging

A schematic for this experimental configuration for wide-field time-domain FLIM can be
seen in Fig. 2. Laser illumination is provided by a mode-locked, all solid state, Ti:Sapphire
laser (MaiTai, Spectra Physics), frequency doubled with a BBO crystal to produce pulses with
~100 fs full width at half-maximum (FWHM) at a repetition rate of 80 MHz with an average
power of ~20 mW at 440 nm. This illumination is directed onto a rotating diffuser wheel to
create spatialy incoherent excitation, and then relayed to the back aperture of a x10 air
objective (Olympus), to realize Kohler illumination. The resultant fluorescence emission is
imaged onto a wide-field time-gated intensifier and CCD camera (Orca ER, Hamamatsu).
This alows time gated images to be acquired at given delays after excitation. A high speed
trigger delay unit (TDU, Kentech Instruments Ltd) allows this delay to be changed in ~2 ms,
such that we can rapidly acquire the FLIM data at frame rates up to ~ 30 Hz [12].
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I
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Fig. 2. Schematic of high speed FLIM setup
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For high-speed data processing (suitable for real-time display), we implement an RLD
algorithm [ 18] to calculate the fluorescence lifetime from just two time gated images.

At

TrD :I— (6)
In( 1| j
2

In this case we are indirectly imaging the viscosity, using DASPI, for which the rate of non-
radiative relaxation of the fluorophore is related to the local viscosity. This is because the
structure of DASPI alows relaxation through rotational diffusion, where increased viscosity
leads to lower rotational diffusion, and thus a longer fluorescence lifetime [19]. The
instrumentation is controlled using LabView programmes developed in-house and subseguent
processing of successive pairs of intensity images is undertaken using Matlab routines, as
before, to produce a sequence of HSV images, where Hue encodes fluorescence lifetime,
Saturation is set at the constant maximum value, and Value encodes the (time-integrated)
intensity.

3. Results
3.1 3-D imaging of rotational correlation times (solvent viscosity) in the microfluidic mixer

Fluorescein solutions of 0% and 50% glycerol in water were pumped through the inlets of
Microchips 1 or 2 at a flow ratio of 2 to 1. Pairs of polarization resolved sub-images were
acquired at 200 ps intervals after excitation, and the resultant time series of anisotropy points
was fitted to a single exponential decay model on a pixel by pixel basis, after correction using
the G factor and for high NA detection. Figure 3 shows a schematic of the microfluidic device
used, with a false color image of the fitted rotational correlation time at the point of
confluence a the start of the mixing channel. Representative data points from an average over
two small groups of ~ 80 pixels (numbered) are also shown, together with a single
exponentia fit. We can see a clear demarcation between the two liquids through different
correlation times or viscosities, with a fine region of intermediate viscosity at the interface
between the two liquids. The correlation times observed here are consistent with previously
published time-resolved fluorescence anisotropy data [9]. Initial anisotropy values are
markedly higher than the single photon limit of 0.4. This greater range of anisotropy valuesis
a consequence of the enhanced anisotropic photoselection of the nonlinear multi-photon
excitation, resulting in increased sensitivity compared to single photon excitation.
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> 015
Q
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Fig. 3. (8) Channel schematic, (b) image of correlation time at junction and (c) Sample data points with fit
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The viscosity was determined at various points downstream of the point of confluence,
using equation 5 and a molecular volume determined in [9]. Within microfluidic
environments, laminar flow is typically prevalent (rather than turbulent flow) and mixing
occurs by diffusion only. The extent of mixing between the two solutions of different
viscosity is thus dependent on the average on-chip residence time [5]. Figure 4. shows two
false color maps (~ 1 um thick horizontal optical sections) of the correlation time across the
channel at 0.4 cm downstream of the point of confluence, for flow rates of 10 and 1ul/min A
profile of the correlation time (and calculated viscosity) across the channel is also shown. It
can be seen that with reduced flow rate (higher residence time) the degree of mixing increases
as evidenced by the widening of the intermediate viscosity zone between the two streams. At
the lower flow rate, the average on-chip residence time in the 0.4 cm segment of the mixing
channel is calculated to be 500 ms. For fluorescein in agueous solution this corresponds to a
mean inter-diffusion distance of ~22 um or approximately half channel width (based on a
molecular diffusion coefficient of 5x10%° m’s'). This is sufficient for near-complete
intermixing of the two co-flowing streams.
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Fig. 4. () and (b) Images of correlation time at ~0.4cm downstream of the point of confluence at 10
and 1 pl/min flow rate respectively. (c) Comparison of viscosity profiles across channel for the
different flow rates.

A 3-D data stack of rotationa correlation time was acquired a the mixing point to
demonstrate the ability to image viscosity distributions in three spatial dimensions. Figure 5.
shows a rendered section of this data set, which reports an almost constant correlation time in
the vertical dimension of the 30-um-deep channel, with a well defined lateral viscosity
interface, although it must be noted that there is an apparent slightly lower correlation time at
the bottom of the channel. This change however is much smaller than the difference in
correlation time across the interface.

Fig. 5. Rendered 3D viscosity profile of flow interface,
viewed from above.

#7079 - $15.00 US Received 6 April 2005; revised 1 August 2005; accepted 1 August 2005
(C) 2005 OSA 8 August 2005/ Vol. 13, No. 16/ OPTICS EXPRESS 6282



It is also possible to calculate the “true” fluorescence lifetime from the polarization
resolved data. This lifetime corresponds to what would be observed in the absence of
polarization effects[20] and isthe decay of the “total” or “isotropic” intensity:

F(t)=1,t)+2GI(t) (6)

The temporal decay of this “isotropic” intensity time series is determined only by the excited
state decay. Figure 6 shows false color images of time-resolved fluorescence anisotropy and
isotropic fluorescence intensity that have been calculated from the same point of confluence
data stack and the mean profile across the channel. There is not significant contrast in the
fluorescence lifetime image of the interface, compared to significant contrast observed in the
rotational correlation time image. This illustrates that the fluorescence lifetime of fluorescein
isindependent on solvent viscosity.
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Fig. 6. Comparison of (&) rotational correlation time images, (b) fluorescence lifetime images
and (c) profiles across the channel.

3.2 High-speed dynamic viscosity imaging

As discussed above, the fluorescence lifetime of DASPI, unlike fluorescein, is a function of
local solvent viscosity and provides a means to image fluid dynamics directly when combined
with high-speed FLIM. To illustrate this potential, DASPI solutions of 0% and 50% glycerol
in water were pumped through the inlets of Microchip 3 at aflow ratio of 2 to 1. The starting
flow rate was 0.1ul/min. Pairs of time gated images were acquired sequentially with gate
widths of 500 ps starting ~25 ps and 175 ps after the excitation. Images were acquired at 12.3
Hz frame rate.

Figure 7 shows a single frame from a compressed FLIM movie (see Multimedia file 1)
where the two solutions of different viscosity interact dynamically. The movie shows the
transient effects at the starting flow rate of 0.1 ul/min, prior to the formation of a stable flow
interface. It then shows the transient effect as the flow rate is increased to 1 ul/min, resulting
in a sightly more fluctuating flow interface. At this point a very low degree of mixing is
observed, as evidenced by an approximate step profile in viscosity. The calculated
fluorescence lifetime values are 120+10 psin 0% glycerol and 230+20 psin 50% glycerol.
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Fig. 7. (3.33MB) Movie of fluorescence lifetime at point of confluence, with
color scale attached. Flows were applied through the two side inlets while the
center inlet was unused.

Figure 8 shows a frame from a compressed FLIM movie (see Multimedia file 2) taken at ~6
cm downstream of the point of confluence. It can be seen how the viscosity gradient across
the channel changes as a function of the volumetric flow rate. As the flow rate is decreased
from 10 pl/min to 0.1 pl/min and then flow is completely stopped, the viscosity gradient
across the channel becomes less steep.

Fig. 8. (3.33MB) Movie of fluorescence lifetime at
channd 5cm from mixing point as flow is decreased
from 10 to O pl/min. Color scaleasinfig. 7.

4. Discussion

We have presented two applications of time-resolved fluorescence imaging to study fluidic
motion and mixing within microfluidic devices by imaging solvent viscosity. We have
demonstrated the potential to implement these techniques in conventional wide-field imaging
systems and in a multibeam multiphoton microscope that can provide wide-field optical
sections and 3-D mapping of fluid viscosity with sub-micron spatial resolution. The first
method reports the viscosity through determination of the rotational tumbling of the
fluorophore. Implemented in a multibeam, multiphoton microscope, we demonstrate how this
3-D imaging modality shows the diffusive mixing that results as two solutions of different
viscosity flow together, with the viscosity profile flattening out as the intermediate viscosity
zone widens. The lower (x40) magnification viscosity images are noisier due to the lower two
photon excitation efficiency but are till sufficient to map the viscosity distribution. This
system is more suited for imaging smaller field of views with high spatial resolution, due to
the requirement of having a high NA for efficient two-photon excitation.

The second high-speed wide-field wide-field FLIM approach reports variations in the
local fluorophore viscosity through the viscosity-dependent non-radiative relaxation rate of
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the DASPI fluorophore. This approach is less rigorous because there is only an empirical
relationship between the observed fluorescence lifetime and the solvent viscosity [21]. The
fluorescence lifetime could thus, in principle, also be impacted by other factors. Nevertheless,
it still provides a useful qualitative tool to image fluid dynamics on millisecond timescales.
The implementation with single-photon excitation in a wide-field microscope permits
significantly larger fields of view to be imaged, compared to the multibeam multiphoton
microscope, and the higher single photon excitation efficiency is important because the
ultimate imaging rates are limited by the number of available fluorescence photons We have
applied this technique to show transient flow effects in the microfluidic device, illustrating the
gradual blurring of the intermediate viscosity interface as flow rates decrease. We note that
the absolute values of the fluorescence lifetime are over-estimates compared to previously
obtained results [19]. This is expected considering that two 500 ps time gates were used to
measure ~ 50 ps lifetimes. A more accurate lifetime determination could be achieved by using
shorter time gates but the important point is that we have a repeatable, intensity-independent
measure of the viscosity that can be pre-calibrated to provide quantitative data.

Further improvements are possible for both systems. For the first approach, we have used
a relatively large number of points (up to 32) to obtain high quality data but it is feasible to
reduce the number of data points to two or more — depending on the extent to which absolute
quantification of viscosity values is required. For the second approach it may be desirable to
realize wide-field optical sectioning FLIM with single photon excitation, e.g. using structured
illumination [22], or a Nipkow disk [23] microscope. This could provide lower cost
instrumentation although such an approach would not enjoy the enhanced polarisation
sensitivity resulting from multi-photon excitation.

Higher lifetime resolution may be achieved using faster gated optical image intensifier
technology, abeit at lower repetition rates [24] and higher imaging rates may be realized
using single-shot FLIM techniques, e.g. [18, 25].

We note that this imaging rotation correlation time is not restricted to imaging viscosity:
it may also be applied to monitor any chemical, biological or physical processes that increase
the apparent fluorophore size, such as binding or conformational changes. This enabling
technology can alow usto assay events such as protein or DNA binding in multiple 3-D flow
structures. High speed FLIM will also find other applications in microfluidic analysis.
Currently we apply FLIM to collect excited state relaxation information, which could also be
used for further process characterisation. It could be useful for the quantitative profiling of
other important microfluidic system parameters such as temperature [7]. Additionally, FLIM
and FRET may be applied to cellular assays. In short there is considerable scope for time-
resolved fluorescence imaging to be combined with microfluidic technology.
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