The application of frequency-domain

Fluorescence Lifetime I maging Microscopy as a

guantitative analytical tool for microfluidic

devices

A.D. Elder’, S. M. Matthews", J. Swartling*, K. Yunus', J. H. Frank? C. M. Brennan®,

A. C. Fisher!, and C. F. Kaminski

'Department of Chemical Engineering, University of Cambridge, New Museums Site, Pembroke Street, Cambridge,

CB2 3RA, UK
2Sandia National Laboratories, P.O. Box 969 MS 9051, Livermore, CA 94551-0969

39yngenta Ltd, Huddersfield Manufacturing Centre, PO Box A38, Leeds Road, Huddersfield, HD2 1FF

cfk23@cam.ac.uk, acf42@cam.ac.uk

Abstract: We describe the application of wide-field frequency domain
Fluorescence Lifetime Imaging Microscopy (FLIM) to imaging in
microfluidic devices. FLIM is performed using low cost, intensity
modulated Light Emitting Diodes (LEDs) for illumination. The use of
lifetime imaging for quantitative analysis within such devices is
demonstrated by mapping the molecular diffusion of iodide ions across a
microchannel.
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1. Introduction

Microfluidic devices represent an excellent platform to implement a large number of chemical
processing and sensing applications [1-7]. Their benefits derive from the fact that timescales
for mixing, heating and flow manipulation are much reduced compared to macroscopic flow
systems. Furthermore the small size means that little reagent consumption is required and
integration with other technologies is readily achieved. A key factor in the usefulness of
microfluidics is the availability of matching online diagnostic systems that permit as much
physical and chemical information to be sampled as possible. Such analytical techniques
require species selectivity, sensitivity, and a high spatial and temporal resolution to be useful
for online process monitoring, sensing applications, and product characterisation inside
microfluidic channels.

Optical techniques are very powerful in this context and in the past techniques have
focused on fluorescence microscopy [8], light microscopy [9], confocal laser scanning
microscopy [10], and optical coherence tomography [11]. Of these, fluorescence based
techniques are among the most versatile and certainly they are the most widely employed
analytical tools in this context. Fluorescence imaging offers information on spatial and
temporal scales of concentration, and is easy to implement. There are drawbacks however,
relating to signal quantification, which is affected by the presence of local quencher species
and also by signal reabsorption. Furthermore there is a requirement for the analyte to have
clearly distinguishable absorption and emission spectra. Often this requires elaborate
labelling techniques for one to obtain specificity and / or sensitivity - something that is not
always a feasible option. In multicomponent mixtures, spectral overlap may cause ambiguity
preventing a discrimination of the different components. In such situations the fluorescence
lifetime of a sample may give additional or superior information.

The fluorescence lifetime represents the average time a fluorophore will remain in an
excited state upon absorption of light before emitting a fluorescence photon. It is a sensitive
indicator of a molecule’s interaction with its immediate environment: The presence of local
quencher species, pH mediated conformation changes, molecular association and aggregation,
diffusional mobilities, etc. all affect the fluorescence lifetime and its measurement thus
provides information beyond that of purely intensity based diagnostic techniques.
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Furthermore, components whose spectral signatures are too similar to permit their
discrimination can often be differentiated according to their lifetime differences. There is thus
a strong case to be made to combine the benefits of fluorescence lifetime imaging with
microfluidic device applications. To date, however, there have been very few reported
applications of FLIM (fluorescence lifetime imaging microscopy) to microfluidic devices
[12,13]. Benninger et al. recently reported on the use of two photon excited time resolved
Fluorescence Anisotropy and lifetime imaging in microfluidic devices to demonstrate its use
for the study of molecular mixing and rotational diffusion effects in microfluidic channels.
The system employed an Ar ion pumped Ti:Sapphire laser and an ultrafast image
intensification device to achieve time resolution and the usefulness of lifetime resolved
imaging was clearly demonstrated. Magennis et al. used a similar system comprising of a
gated intensified CCD camera and an ultrafast pulsed laser to investigate diffusional mixing.

In this paper we report the application of a novel, Frequency Domain Lifetime Imaging
system to microfluidic imaging employing inexpensive incoherent LED sources for excitation,
whose intensity is modulated at high frequency (40 MHz). Using a gain modulated wide field
detection system in a scheme analogous to homodyne detection, the fluorescence lifetime of
the sample can be deduced from the phase shift (and demodulation) of the signal with respect
to the excitation waveform [14,15]. The fluorescence lifetime deduced is a single exponential
approximation to the true lifetime decay, which for many biological systems may be multi-
exponential in nature. Multi-exponential lifetimes can be deduced by taking measurements at
several different modulation frequencies and fitting a multi-exponential model to the data, or
in special cases by use of techniques such as AB-plot analysis [16]. The system has great
potential for miniaturisation and integration with microfluidic technology in a “lab on chip”
approach and permits accurate lifetime differences at 100 ps and below to be clearly resolved.
We demonstrate quantitative use of the system by imaging the lifetime changes of Rhodamine
6G fluorescent dye (which has a single exponential decay) in a dual inlet microreactor as
iodide ions diffuse across two parallel aqueous streams.

2. Material and methods
2.1 Microfluidic device fabrication

A microchannel stamp as detailed in Fig. 1, was fabricated on cleaned wafers using standard
photolithographic techniques [17,18,19,20]. This stamp was then used to create a
microchannel structure in Poly Dimethylsiloxane (PDMS) using soft lithography techniques
(Fig. 2). This fabrication method is extremely flexible with respect to channel design whilst
also allowing repeated use of the same stamp. Additionally PDMS was noted as a suitable
substrate for the channel fabrication as no background fluorescence was observed during the
studies described at the wavelengths used.

S

Inlets: 250 um wide Main channel: 500 um wide
Channel depth: 250 um Mixing length: 8 cm

Fig. 1. Design of the dual-inlet stamp used to create PDMS microchannel structure.

#69207 - $15.00 USD Received 7 April 2006; revised 26 May 2006; accepted 26 May 2006
(C) 2006 OSA 12 June 2006 / Vol. 14, No. 12/ OPTICS EXPRESS 5458



The process involved use of a technical drawing software package to create a high
resolution acetate mask of the microchannel design (printed by Circuit Graphics, Chelmsford).
Thin films of approximately 250um Microchem SU8-2100 (Microchem) were coated over the
glass wafers using a spin coater (Karl Suss Delta 10) and were pre-baked at 65°C for 12
minutes and 95°C for 60 minutes. The acetate mask was used to project an ultraviolet (UV)
light source (340nm) from a mask aligner (Karl Suss MJB3) onto the substrates coated with
the film of photoresist. The exposed films of photoresist were then post baked at 65°C and
95°C for 1 minute and 21 minutes respectively, before revealing the photoresist pattern using
a developer solution (EC Solvent, Microchem). PDMS (Sylgard 184, Dow Corning) was then
poured over the SU-8 master and allowed to cure. Once hardened, the PDMS was peeled off
of the master, inlets and outlet attached and sealed onto a clean glass wafer using the natural
adhesivesness of the PDMS to create a seal. Figure 2 illustrates the steps involved in
fabricating the photoresist pattern.

1. k3
W light Development clears the unexposed areas of
Computer generated all negative photoresast.

" mask

\___E__Ncgativ-: Fhotoresist
% (8- 2100)

" (flass Substrate

S11-E mould of channel

= {ilass Wafer

- N

PDMS poured over mould and allowed to se1.
Onee et PDMS removed from mould and sealed onto new glass wafer

FDMS SU-8 mould of channel

. Glass water

Fig. 2. Microfabrication of dual inlet channel using photolithography and soft lithography.

2.2 FLIM system

The FLIM system (LIFA, Lambert Instruments, Leutingewolde, The Netherlands) [21] was
attached to an Olympus 1X70 inverted microscope (Olympus UK Ltd, Southall, UK). The
excitation light is provided by a high power LED (3W) which can be modulated at frequencies
up to 40 MHz. Images are detected by an ICCD whose gain is modulated at the same
frequency. To obtain a lifetime image a series of intensity images are acquired at different
detector gain phase offsets (typically 8 — 12 steps). The demodulation and phase shift of the
fluorescence light are a function of the lifetime and can be determined over the entire field of
view by fitting a sine function to every pixel along the set of images [22]. The absolute phase
of the system is determined by taking a reference measurement of a standard with a known
lifetime.

For Rhodamine 6G measurements we used an LED centred at 473 nm. The excitation light
was filtered by a 470 — 490 nm bandpass filter and the emitted fluorescence light was filtered
by a 500 nm cut-off dichroic mirror and a 515 nm longpass filter. A 20x, NA=0.70 objective
was used for the imaging. The setup allows lifetime images to be acquired in approximately 1
second.
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2.3 FLIM data analysis

All data analysis was performed using software written by the authors in IDL 6.1 (Interactive
Data Language, Research Systems, Inc., Boulder, CO). Lifetimes can be determined from

either the modulation depth mor the phase shift ¢, referred to as modulation (7,,,) and phase

lifetime (z'¢), respectively. The lifetimes returned are single exponential approximations of

the true fluorescence lifetimes. In the case of a single exponential decay (as for Rhodamine
6G) the phase and modulation lifetimes are identical. For a multi-exponential decay the phase
lifetime will be shorter than the modulation lifetime. With a modulation frequency f the
modulation lifetime is given by

S N "
"2\ m?
and the phase lifetime by
tan ¢
T =—- 2
¢ o @

To account for the phase shift and demodulation introduced by the electronics and optics it is
usually necessary to perform measurements relative to a reference sample with a known

fluorescence lifetime, 7, , using the following equations:

T, = % tan((¢ — @) +tan (247, )) ©)
1 (m; "
Tn=o 5 n;j 1+ (24 )zl ) -1 (4)

where ¢rer, Mrer and T, refer to the phase shift, demodulation and lifetime of the reference
respectively.
The optimal frequency in terms of lifetime selectivity can be derived from Equations 1 and

2 by differentiation. This results in optimal frequencies f, , =1/(277) for the phase

lifetime and f, . = 2 I(277) for the modulation lifetime.

The modulation bandwidths of the LEDs used here is limited to around 40 MHz. This is
far from ideal for the shortest lifetimes we observe here (0.5 ns) especially for determinations
of 7z, Demodulations may to levels of a percent or so, making z, measurements susceptible to
noise and baseline drifts. Determination of phase lifetimes, however, remains relatively
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robust at theses frequencies and as a consequence all data presented here is from phase
lifetimes.

2.4 Rhodamine 6G solutions and flow set-up

lodide quenching of Rhodamine 6G has been used as a convenient method of producing
mono-exponential decay standards with variable lifetimes [23,24]. This quenching process
follows a Stern-Vollmer model, in which the observed lifetime 7 is given by

1 1
P Kq [Q]+7_° (%)

where 7° is the lifetime of Rhodamine 6G in the absence of quencher, [Q] is the
concentration of the quencher, and kg is the bimolecular reaction rate constant for the reaction
of the excited state with the quencher Q. Previously reported values for Rhodamine 6G are

approximately 7% =4.1ns.

Rhodamine 6G was first prepared as a stock solution in methanol. This was added to a 0.2
M solution of potassium chloride (KCI) to a dye concentration of 1 uM. A solution of 0.05 M
Kl and 0.15 M KCI was prepared to be used as the quenching agent. Solutions containing 0.1
M Kl and 0.1 M KClI, 0.03 M Kl and 0.17 M KCI, 0.005 M KI and 0.195 M KCI were also
prepared in order to calibrate the bimolecular reaction rate constant.

Flow in the microchannel device was controlled by a syringe pump (Harvard apparatus,
PHD 2000), and was approximately 10ul/min.

In order to examine the flow pattern the channel was imaged just after the inlets using a
confocal microscope (Olympus FV300, Olympus UK Ltd, Southall, UK) by taking a stack of
images from the top to the bottom of the channel (Fig. 3). In order to clearly distinguish the
two parallel streams both contained 0.2M KCI solutions but the dye, Rhodamine 6G, was only
present in one.
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Fig. 3. Confocal 3D image of two parallel aqueous streams flowing down a microchannel, just
after the inlets. Only the left flow contained fluorescent dye. The signals seen on the right
define the channel wall and stem from residual dye attached to the wall from previous
experiments. The loss of fluorescence intensity in the upper part of the channel is due to
reabsorption and optical distortion near the walls. The wider profile of the upper part of the
fluorescent stream is due to small imperfections in the geometry of the microchannel and its

inlets.

3. Results

We used the Rhodamine 6G solution without quencher as the reference standard to calibrate

the FLIM system and assumed a lifetime of 4.08 ns [24].
In order to determine the bimolecular reaction rate constant the lifetimes of solutions with

different iodide concentrations were imaged in a black well plate. Figure 4 shows a plot of
measured lifetime times KI concentration against lifetime. Theory predicts a linear

relationship with gradient — kq 7° and interceptz‘o. From the graph we determine the
bimolecular reaction rate constant to be 6.64 x 10° dm® mole™ s
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Fig. 4. Calibration plot to determine the Stern-Vollmer quenching parameters for Rhodamine
6G solutions with KI. Each solution contains a different concentration of Kl, but the same
ionic strength through addition of KCI. From the gradient and intercept the bimolecular
reaction rate constant, kq, is found to be 6.64 x 10° dm® mole™ s™.

Lifetime images taken at increasing distances along the length of the channel are presented in
Fig. 5. Profiles of the lifetime and calculated iodide concentration perpendicular to the flow
direction for increasing distances down the channel are shown in Fig. 6.
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51 lifetime (ns) 1.6

Fig. 5. Lifetime images taken at increasing distances along the length of the channel. The
increasing degree of mixing with increasing distance is clearly seen.
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Fig. 6. (a) Plot of lifetime profiles perpendicular to the flow direction for 5 different distances
down the channel. Initially one sees a sharper gradient, which gradually becomes less distinct.
(b) Concentration profiles derived from the lifetime data according to Equation 3.
4. Discussion

The 3D images from the confocal microscope show a very clear and sharp interface between
the two flows just after the inlets which is in agreement with what one would expect from a
highly laminar flow (Fig. 3). This confirms that the microchannel device is very well suited
for studies of molecular mixing by diffusion across the flow boundary. The confocal images
point to the problems associated with fluorescence intensity imaging: variations in the images
occur due to absorption of the excitation light, reabsorption of the fluorescence light, and
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optical distortions when imaging deep into the channel. The optical distortions are the result
of either spherical or chromatic aberrations caused by focussing using a thicker effective
coverslip (required to seal the channel) than the objective was designed for, or a combination
of both. All these issues complicate quantitative evaluation of intensity images.

The lifetime images initially show a sharp concentration gradient between the two streams
(Fig. 5). As the distance down the channel is increased, the diffusion gradient becomes less
well defined, as one would expect from diffusional mixing (Fig. 6). Of particular note is the
point where all the lines intersect — at a distance of approximately 290 microns across the
channel and at a concentration of 0.021 M KI. The concentration of 0.021 M KI represents
the final uniform concentration that the channel will eventually reach. The distance of 290
microns across the channel represents the interface between the two streams, and from its
position we can infer the relative flowrates of each stream. By comparing the relative flow
rate in  each  stream  multiplied by its initial Kl concentration

0.0><@ + O.OSXM =0.021| with the final ‘mixed’ concentration
500 500

(0.021) we see very good agreement.

In Fig. 6 the concentration of KI does not reach the maximum of 0.05 M. We believe that
this is because of the lack of z (depth) resolution in the images. This means that out of focus
light, from a slower moving part of the flow is collected. Because the flow is slower, there
has been more time for diffusion and so the KI concentration is reduced. Because the KI
concentration is lower, the signal is not only from a higher lifetime but it is also of a brighter
intensity, which weights the lifetime signal more in favour of the longer lifetime.

The advantage of lifetime data is clear when considering quantitative interpretation of the
results, in our case determination of the concentration of iodide by means of Egn. 3, owing to
the direct relationship between lifetime and concentration. For high resolution 3D mapping of
the concentration higher z-resolution would be advantageous. This can be achieved by wide-
field optical sectioning techniques, either by means of deconvolution techniques [25] or by the
use of structured illumination [26]. Present work is focussed on implementing wide-field
optical sectioning on our FLIM set up.

For our system the minimum detectable lifetime difference between a small region of 100
pixels and a large region was evaluated from simulations and found to be around 100 ps when
imaging with a SNR (signal-to-noise ratio) of 50 and taking measurements at 12 phase steps
[27]. The simulations were performed by generating intensity images corresponding to
assumed lifetime distributions and then adding normally distributed noise with a SNR of 50 to
the data for every pixel and every phase step. This level of minimum detectable lifetime
difference corresponds well with the level of noise seen in the channel profiles in Fig. 6. In
the KI concentration region most sensitive to lifetime changes such a change in lifetime would
be equivalent to a concentration change of approximately 0.001 M.  This illustrates the
potential sensitivity of lifetime measurements.

The FLIM system conveniently covers the entire visible spectrum with the use of
inexpensive, easily interchangable LEDs. This is in contrast to previous implementations of
FLIM systems which have utilised expensive and complex pulsed laser systems or high-
frequency optical modulators. The use of low cost LEDs opens the gate for widespread use of
FLIM as an analytical tool, and provides the potential for integration in “lab-on-a-chip” type
devices. A further development that would again reduces the potential cost of FLIM
technology is the use of unintensified rapid-modulation gain camera systems [28].

5. Conclusion

To summarise, we have demonstrated the usefulness of frequency domain FLIM for the study
of flows in microchannels by imaging changes in lifetime of Rhodamine 6G due to the
diffusion of iodide ions. Changes in fluorescence lifetime profiles were seen as a function of
distance along the channel. The lifetime images provide excellent contrast between the two
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parallel flows and permit detailed studies of molecular mixing to be performed. We found that
contrast is obtained in situations where intensity based measurements lack specificity and
sensitivity and thus the work shown provides an alternative and complementary diagnostic for
the study of such systems. The results were obtained with a high power diode as illumination
source, the intensity of which was modulated at up to 40 MHz. The work shows that sensitive
lifetime information on a microscopic scale is obtainable with such devices and the
technology is cost effective and simple to implement.
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