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ABSTRACT

Fluorescence microscopy provides a non-invasive means for visualising dynamic protein interactions. As well as
allowing the calculation of kinetic processes via the use of time-resolved fluorescence, localisation of the protein within
cells or model systems can be monitored. These fluorescence lifetime images (FLIM) have become the preferred
technique for elucidating protein dynamics due to the fact that the fluorescence lifetime is an absolute measure, in the
main independent of fluorophore concentration and intensity fluctuations caused by factors such as photobleaching. In
this work we demonstrate the use of a time-resolved fluorescence microscopy, employing a high repetition rate laser
excitation source applied to study the influence of a metal surface on fluorescence tagged protein and to elucidate
viscosity using the fluorescence lifetime probe DASPMI. These were studied in a cellular environment (yeast) and in a
model system based on a sol-gel derived material, in which silver nanostructures were formed in situ using irradiation
from a semiconductor laser in CW mode incorporated on a compact time-resolved fluorescence microscope (HORIBA
Scientific DeltaDiode and DynaMyc).

Keywords: DASPMI, FLIM, Silver nanostructure, Sol-gel, Surface enhanced fluorescence, Yeast.

1. INTRODUCTION
1.1 Fluorescence lifetime imaging

The use of the fluorescence lifetime as a means to provide contrast in microscopy has increased markedly in recent
times'. Its usage adds the sensitivity of fluorescence and the fact that the measurement of a fluorescence lifetime
provides an absolute value to this area of microscopy. This is advantageous as it is largely independent of fluorophore
concentration and can offset the effect of photobleaching. Many applications of fluorescence have been in the field of
biological or life sciences. Principally, as fluorescence is a minimally invasive technique, allowing the characterisation of
the local environment present within biological tissues. This can be in terms of the measurement of pH, calcium ion
concentration and oxygen, for example, or the elucidation of protein and other molecular interactions. A major method
for studying the latter is the use of Forster resonance energy transfer (FRET). These measurements can be employed to
add contrast between different regions of interest or to make use of the decay data to determine specific parameter
values. FLIM is not only applied to “life sciences” but is also becoming widely applied to different areas of materials
science.

The increased use of FLIM is related to the availability of equipment, either in the form of specifically built microscopes
or the use of add-on units to convert conventional fluorescence microscopes to measure fluorescence lifetimes.
Historically the most sensitive means of fluorescence lifetime determination is the time-correlated single-photon
counting (TCSPC) technique. This is based on the detection of arrival times of individual photons after optical
excitation, which at low signal levels upon repeated excitation-collections allows a histogram indicative of the decay



process to be accumulated. However, it suffers from an inherent disadvantage related to the dead time of the counting
electronics, such that high collection rates can lead to “pile up”** leading to the generally accepted limiting of the
collection rate to 2 % that of the excitation rate. A clear limitation to the speed of data acquisition is therefore the
repetition rate of the source and the dead time of the electronics. This has to be taken into consideration in the study of
certain samples where stability and/or photobleaching are of concern.

1.2 Surface enhanced fluorescence

The effect of proximity of a conducting metal surface to a fluorophore has been shown to modify its fluorescence
behaviour. This has been likened to the effect seen in Raman spectroscopy (surface enhanced Raman - SERS) in which
an enhancement of the Raman signal of many orders of magnitude can occur’. The presence of a metal particle has been
shown to have positive effects on the fluorescence signal, such as an increase in intensity, photostability and Forster
energy transfer distance®. This plasmon effect has also been termed surface or metal enhanced fluorescence’ and is the
genesis of a recent area of research. This has included the study of fluorescent single molecules® and even longer-lived
lanthanide luminescence’, although a major focus is the study of biologically important molecules. The presence of a
conducting metal surface has been postulated to affect the fluorescence via different possible mechanisms. Changes in
the fluorescence behaviour may relate to an increase in the intensity of the electric field in the vicinity of the fluorophore
caused by absorption of light by the nanostructure producing an increased rate of excitation. Interaction with the plasmon
band and the fluorophore may also result in alteration of the radiative (I';,) or non radiative (k,,) decay rate. At short
separations (<5 nm) between the metallic surface and fluorophore, the major effect is quenching by energy transfer,
while increasing separation (up to ~20 nm) favours an increase in the radiative decay rate'’. In the presence of a
conducting metal surface the fluorescence lifetime (7,) and quantum yield (0Q,,) can be written'',
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The change in both the lifetime and quantum yield on introducing a metallic surface can be denoted by G. and Gq
respectively, such that
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where, T and Q are the fluorescence lifetime and quantum yield without the metallic surface present and N, is the
radiative enhancement factor''

Controlling the different aspects, especially position and distance between the surface and fluorophore, are therefore of
importance in the application of this phenomenon.

1.3 Formation of silver nanostructures in biocompatible sol-gel derived media

Materials produced using the sol-gel technique'*'* have been previously used by one of the authors to incorporate
bioactive molecules (proteins / enzymes that can exhibit catalytic activity)'*'® and the matrix forming reaction can be
readily adapted to include the presence of silver ions within silica films. Media can be produced using this technique at
room temperature or lower and exhibit robust glass-like properties and are highly porous and have large internal surface
areas. There are several reports of their use for biological applications'’ which, with ease of manufacture, make them
good materials for potential biological sensing applications. The fact that media can be formed at relatively low
temperatures lends itself to the possible future inclusion of biomolecules.



There has been work to incorporate silver particles into silica glass produced by the sol-gel technique, but these have
involved a form of thermal treatment'®*'. The fact that light irradiation has been employed to react the silver ions within
microheterogeneous media** means that this approach can also be promising if applied to sol-gel derived media.
Irradiation of aqueous solutions of silver ions (our sol-gel derived media have been previously shown to retain
solvents***’) can induce the photo-oxidation of water accompanied by the formation of silver atoms (Ag’). These may
aggregate to produce clusters (Ag’), and colloids (Ag’)° of silver and can be represented by the following scheme™.

Ag"+H,0 +hv — Ag’ + H + OHe
nAg’ - (Ag') —> (Ag))

Thus the combination of a biocompatible material with the incorporation of silver nanostructures could provide a useful
substrate for the study of protein interactions and we have begun investigating this*’. Especially, since the positioning
and size of the nanostructures can be controlled via the refinement of the laser irradiation this opens the possibility for
“lab on a chip” type applications such as protein / cell recognition via FRET sensing for example.

1.4 Employment of DASPMI

The fluorescent dye dimethylamino-styrlmethylpyridinium iodine (DASPMI) has found application as a mitochondria
stain®® and its photophysics have been well studied”*’. This fluorescence lifetime of this dye has been shown to be
useful in indicating the viscosity of its environment and in this aspect it has been employed in the characterisation of the
manufacture of sol-gel derived media’'**. Even in its use to stain mitochondria, changes in its photophysical behaviour
have been noted™. The fluorescence quantum yield, @, of this type of probe, sometimes referred to as a molecular rotor,
isa ﬁJnc3£i0n of the viscosity (77) of the medium it is dissolved in and can be described using the Forster-Hoffmann
equation

Pr=zn )
where z and a are constants. Making use of the quantum yield
—_— kr
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and the fluorescence lifetime 7,
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where, £, is the radiative rate constant and k,, is the non-radiative rate constant, equation (5) can then be expressed™ as
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Taking logarithms in equation (8) leads to

z
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This means that a calibration graph can be obtained plotting log 7, versus log #, (which yields a straight line)**. This
allows conversion of fluorescence lifetimes into viscosity, which can be advantageous over the alternative method of

fluorescence anisotropy, as it is a simpler measurement to perform.



2. EXPERIMENTAL DETAILS
2.1 TCSPC equipment description and validation

The time-resolved fluorescence measurements were performed using a HORIBA Scientific DynaMyc compact
fluorescence microscope with confocal ability. In relation to the main TCSPC components, the key elements that enable
the ultra high count rates (up to 100 MHz) are the DeltaDiode excitation source and the FluoroHub time interval
measurement electronics.
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Fig 1. Schematic representation of microscope showing TCSPC components

As shown in Figure 1 an impulse generator produces electrical pulses with 100 ps rise and fall times and, importantly,
has a reset time of <10 ns allowing pulse repetition rates of 100 MHz to be achieved. Impulses are generated “on
command”, which means that the instrument can easily be configured to measure a wide range of lifetimes. The
FluoroHub contains a time interval measurement (TIM) circuit that determines the arrival time for each detected photon
relative to the laser excitation event. The TIM circuit has a dead time of <10 ns which is at least one order of magnitude
shorter than conventional TCSPC electronics and is perfectly matched to the impulse generator’s <10ns reset time. This
means that the system can operate towards the upper limit of detector count rate capability (>10 Mcps), with reduced
pile-up losses, addressing one of the historic criticisms of TCSPC. Both sets of electronics contain USB host processors
and are entirely software controlled. Factory programming of all calibration data into non volatile memory (eeprom) in
the head eliminates the need for manual tuning. The combination of embedded calibration data, hot-swap circuitry and
USB interface allow for unprecedented ease of use.

To test the ability of the source and timing electronics, two samples were measured a fluorescence standard, erythosin
B’® in water, and a bodipy derivative’’. These measurements were performed with a HORIBA Scientific TemPro-01
(incorporating a DeltaDiode and FluoroHub) equipped with a MCP detector and the outcome showing the fitted data
given in Fig 2. The lifetime values returned from the fit to a single exponential decay model were 85 ps and 375 ps for
the erythrosin and bodipy samples respectively, in keeping with those expected.
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Fig 2. Decay of (a) erythrosin B in water and (b) a bodipy derivative in ethanol. Plots show the fluorescence
decay, instrumental response, fitted function (single exponential) and weighted residuals

An important consideration in relation to microscopy is the speed of data acquisition and to show the potential of the
source and timing electronics a test to see the shortest acquisition time making use of the 100 MHz excitation rate, using
the bodipy derivative as the sample. Prior to this different data collection rates were also tried and it was found that even
at a rate 8% of that of the excitation the influence of pile up as negligible under the conditions used. Previous work has
shown that a single exponential decay requires a minimum of 185 counts in order to obtain a lifetime within a 10 %

error’. Figure 3 shows the outcome for the use of different collection rates and times on the number of photons
collected.
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Fig 3. (a) Influence of the data collection time on the number of counts in the measured decay. (b) Decay data
for the bodipy derivative measured with 100 MHz excitation frequency with a 7.8 MHz collection rate

Visually it can be seen from this figure that the time to collect sufficient photons to perform an exponential fit analysis is
approx 60 ps. This collection time was used and the data obtained also shown in Figure 3. The lifetime value recovered
(336 ps) was within error equivalent to that obtained using more counts and the MCP detector. Thus, this shows the
capability of these components to assist in the fast acquisition of time-resolved fluorescence data, although it should be
remembered that the actual repetition rate is limited as to not re-excite the sample before it has completely decayed.



2.2 Sol-gel derived film preparation

Silica sol-gel derived films were made using previously described methods'®*’, with the exception that in the method

described in the former method'® 250 ul of 2M AgNO; was mixed with 2 ml of sol, 2 ml of phosphate buffered saline
and 0.5 ml of ethanol and then deposited onto a slide. The latter method*® was modified by substituting 2.5 ml of 0.01 M
HNO; (pH 2.2) for the HCI. After mixing the solution was left at 60 °C for 4 hours before addition of 50 pl (unless
otherwise stated) of 4 M AgNO;. The films were then produced by dipping. The latter was intended for producing films
that could be exposed to UV light (365 nm) over a large area of the film to facilitate a full spectroscopic characterisation.
The former, a method suitable for protein entrapment'”, was in the main used in the microscope pattering experiment,
where only small areas were irradiated. Both sets of films exhibited the same behaviour in terms of laser irradiation.

2.3 Silver nanostructure formation

Sol-gel derived films containing AgNO; were placed on the microscope slide and the DynaMyc’s DataStation control
software used to position the stage to form the required pattern. The DeltaDiode, with emission at 475 nm, was used in
CW mode (~ 5 mW power) and the time per point was in the order of 200 seconds (depending on sample).

2.4 Protein labelling

Bovine serum albumin (BSA) was labelled with a FITC tag and purified using a FluoroTag™ FITC conjugation kit from
Sigma-Aldrich. The protein to tag labelling ratio was less than one label per protein (verified using UV-vis
spectroscopy). Films were immersed in a solution (phosphate buffered saline — PBS - at pH 7.4) containing the labelled
BSA for half an hour and excess solution removed.

2.5 Yeast preparation

For demonstrative purposes common baking yeast (Saccharomyces cerevisiae) was used and incubated with DASPMI in
aqueous solution at 40 °C for at least 40 minutes before use. As the lifetime of DASPMI in water is short (~60 ps)* no
further purification was performed and differentiation left to the analysis of the time-resolved data. As the energy regime
has been found to influence mitochondria morphology*® both sucrose and ethanol were added to the yeast solution.

2.6 Measurements

Optical examination of the samples was performed using a HORIBA Scientific DynaMyc equipped with a Lumenera
Infinity 3-1C CCD camera to collect images using white light excitation, with emission selected via a beam splitter or
filter cube. Times 10,50 and 60 objectives were employed. The DynaMyc was used, in multipoint and FLIM modes to
obtain time-resolved fluorescence images using a DeltaDiode excitation source emitting at 475 nm, in pulsed mode (16.6
MHz), with the emission monitored at 520 nm or 610 nm using a TBX-04 picosecond detection module. Fluorescence
lifetime data were analysed globally by linking common fluorescence lifetimes using DAS6 software and taken to be a

sum of exponentials of the form
110)= Y exp( - ¥/ |
i=1 ' (10)

with the average lifetime obtained from

Tave :Zaiz-i (11)

All measurements were performed at ambient temperature and other fluorescence lifetime data were obtained using a
HORIBA Scientific TemPro-01 system. Time-resolved emission spectra (TRES) were analysed globally and when
required to account for very short lived decays or scattered light the shorter lived component was fixed to ~50ps. The
calculated decay associated spectra are shown smoothed for clarity.



3. RESULTS AND DISCUSSION

3.1 Sol-gel derived system
3.1.1 FITC-BSA interaction with silver nanostructure containing sol-gel derived films

Films were produced containing silver nitrate and exposed to CW laser irradiation to promote the formation of silver
structures. The formation of these structures has been confirmed via the use of AFM and UV-vis spectroscopy”’ and their
presence observed using microscopy — see Figure 4. The corresponding analysed time-resolved fluorescence images,
obtained after adsorption of FITC labelled BSA are also shown in this figure.
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Fig. 4. Bright field image of (a) a sol-gel film after CW laser irradiation and analysed data from a time-
resolved dataset for the emission of FITC labelled to BSA adsorbed to the film surface; (b) FLIM intensity,
(c) average lifetime obtained from the 3 exponential analysis using linked lifetimes showing the normalised

pre-exponentials for the (d) 0.29 ns, (e) 1.48 ns and (e) 4.1 ns lifetime components.

From Figure 4 it can be seen that there is a good correspondence between the position of the silver formations and the
fluorescence properties of the FITC label. Overall there is an apparent quenching of the FITC fluorescence in the vicinity
of the silver structures. In order to obtain a good fit the data was analysed in terms of three linked lifetimes, whose values
were determined by fitting to the sum of all the fluorescence decays. This allowed the determination of the average
lifetime, Figure 4c and the normalised pre-exponential components (Figure 4d,e,f). The two longer lifetime values are
similar to those seen for FITC covalently bound to BSA and dominate in the areas without the silver structures. The
shorter, quenched, lifetime is predominantly seen in the vicinity of the silver nanostructures.

For this particular dataset, the intensity data is not clearly demonstrative, but it appears that overall the fluorescence
intensity is lower at the nanostructure positions (Figure 4b). However we have also reported an observed increase in
fluorescence intensity, accompanied by a decrease in the fluorescence lifetime — in keeping with a modest enhancement
of the radiative decay rate’’. The discrepancy of the intensity is easily explained by the fact that we have not yet
exercised complete control of the distance between the metal surface and the fluorophore. Most likely the distance in this
case is too close, which means that quenching process dominates compared to radiative enhancement which requires a
larger separation®’. Overall it is clear that these systems, in which light is used to produce silver structures at specific
positions in an easy to produce medium, hold promise in the study of protein interactions in the application field of
assays and biosensors.



3.2 Cellular system
3.2.1 DASPMI doped Saccharomyces cerevisiae

The investigation of yeast, as well as its obvious application in the food industry, has application in genetic research,
where the study and knowledge of its lifecycle* is required. The use of fluorescence microscopy is useful in following
this and it has been employed to study the yeast vacuole making use of FITC fluorescence, although this dye has been
noted when coupled to a dextran not to be stably retained*. As well as being a mitochondria stain that has been
employed in yeast™, DASPMI also (like the bodipy derivative used earlier in this work) exhibits a lifetime that is
indicative of the viscosity of its microenvironment — a factor that some of the authors have previously made use of*'~2.
With this in mind we made use of DASPMI as probes in a demonstrative time-resolved fluorescence microscopy study
of Saccharomyces cerevisiae.

A preliminary cuvette time-resolved emission measurement of a yeast sample containing the probe was performed using
a HORIBA Scientific TemPro-01, equipped with a DeltaDiode running at a repetition rate of 100 MHz. The resultant
decays were analysed globally and the decay associated spectra obtained®’. The outcome is shown in Figure 6.
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Fig. 6. Decay associated spectra obtained for the DASPMI-yeast system with excitation at 468 nm using a
DeltaDiode excitation source at a repetition rate of 100 MHz.

It should be noted, that from the above figure, the shortest-lived component is influenced by the presence of scattered
light. However, it is also possible to easily discern the presence of an emission band. It should be kept in mind that since
the sample has not been purified, there is the possibility that some emission may relate to DASPMI in the aqueous
solution, but because of its short fluorescence lifetime®, this should only be present, if seen, in the spectrum for the
shortest-lived component. Indeed, this is probably the origin of the longer wavelength peak seen in this spectrum. The
need to use three decay components to fit the data is in keeping with the photophysics of this molecule and relates to the
effect of intramolecular charge transfer and bond twisting”>* and the values obtained are similar in magnitude to those
found for the dye in endothelial cells™. The relatively short wavelength for the peak emission of the longer-lived decay
components (plus one close to 545 nm in the short-lived spectrum) is in keeping with emission from a microenvironment
with a low dielectric constant. Making use of the average lifetime as this as previously been employed to calculate
viscosity®?, allowed an estimate of ~23 cP to be made, which is slightly larger than that obtained for the cell interior (~14
cP)* and many times higher than that found for a yeast vacuole (~2.5 cP)*. However, higher intracellular viscosities
have been measured using molecular rotors®” and DNA relaxation*® with much depending on the location of the probe
molecule.

FLIM imaging of the DASPMI-yeast system was made with 475 nm excitation and monitoring the emission at 610 nm.
The subsequent analysis of the time-resolved data, along with that of the camera image, is shown in Figure 7. The
complete analysis, made by linking common lifetimes to all the fluorescence decays (~6300), required the sum of three
lifetime components to fit the data. A short-lived fluorescence (~0.16 ns) was returned (data not shown) and found to
dominate the region outside the yeast cells and was thus attributed to residual dye in solution. As can be seen from the
intensity image (Figure 7) its contribution to the overall fluorescence was negligible, but is seen in the analysis as the
measurement of the lifetime is absolute and largely independent of the concentration of a fluorescing species. The other



fluorescence lifetimes recovered were ~0.42 ns and 2.5 ns, values in keeping with those obtained via the TRES
measurement and showing the presence of a microenvironment much more viscous than water.
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Fig. 7. DASPMI stained yeast excited at 475 nm and monitored at 610 nm. (a) fluorescence camera image,
(b) FLIM intensity image and data recovered from the fitting procedure; (c) average lifetime map,
(d) pre-exponential contribution for a 0.42 ns lifetime and (e) pre-exponential contribution for a 2.5 ns lifetime.

Both the camera and FLIM intensity images show the presence of fluorescence within the yeast cell. However looking at
the images obtained from the fitting procedure (Figure 7c,d,e), two different regions can be differentiated in terms of
fluorescence lifetime. The exact attribution of these regions requires further study, but it should be pointed out that,
depending on the cultivation conditions and growth substrate, the mitochondria may form large structures circling the
cell boundary®, so it would be tempting to interpret the images in this light. From Figure 7c, it is also possible to make
estimates of the viscosity making use of the DASPMI lifetime, assuming (and this is a moot point) that the dye’s
photophysics are not significantly influenced by other factors. This leads to the values on the associated lifetime bar to
relate to viscosities from ~40 to 3000 cP. The lower value is roughly twice that obtained by the TRES analysis —
unsurprising as there should not be any influence from DASPMI in solution. The results presented here are used for
demonstrative purposes only, but show the potential use of the fluorescence lifetime to provide an extra parameter by
which to improve image contrast and by the fact that it is an absolute measurement provide quantative data in cellular
systems.

4. CONCLUSION

In this work we demonstrate two biologically relevant application examples based on the use of a time-resolved
fluorescence microscope containing a matched high repetition rate semiconductor laser excitation source with low dead
time timing electronics. The elucidation of the influence of a conducting metal surface, formed in sifu using the
microscope’s excitation source in CW mode with silver nitrate incorporated within a sol-gel film, on the fluorescence of
a FITC tagged protein was performed. An example of cellular imaging was carried out using DASPMI stained yeast.
Making use of this probe’s photophysical properties and the measurement of fluorescence lifetime enables the potential
evaluation of intracellular viscosity to be made.
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