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ABSTRACT  

Fluorescent ion indicators are widely used to measure ion concentrations in living cells. However, despite considerable 
efforts in synthesizing new compounds, no ratiometric sodium indicator is available that can be excited at visible 
wavelengths. Ratiometric indicators have an advantage in that measured fluorescence intensities can be corrected for 
fluctuations of the indicator concentration and the illumination intensity, which is not possible when non-ratiometric 
indicators are used. One way to circumvent this problem is to measure fluorescence lifetimes, which are independent of 
these factors. Another way to overcome the disadvantages of a non-ratiometric indicator dye is to embed it, together with 
a reference dye, into nanoparticles. By relating the indicator fluorescence to the fluorescence of the reference dye, 
inhomogeneities in the nanosensor concentration or the illumination intensity can be cancelled out reliably. In this study 
we compare the benefits and drawbacks of these approaches. 

Keywords: sodium measurements, Sodium Green, SBFI, fluorescence lifetime measurements (FLIM), nanoparticles, 
nanosensors

1. INTRODUCTION
In cell physiology sodium plays a crucial role. Mammalian cells maintain a large electrochemical gradient for sodium 
ions across the plasma membrane. This gradient provides the basis for rapid electrical signaling in many excitable cells.1
It also supplies the energy for important secondary active transport processes, in which the sodium influx along the 
gradient is used to power the co- or counter-transport of other ions or nutrients.2 For instance, the Na+-H+ exchanger, and 
the Na+-HCO3

- co-transporter, help to maintain intracellular pH.3,4 The Na+/Ca2+ exchanger contributes to the fast 
restoration of diastolic calcium concentrations in heart cells and also constitutes the dominant calcium efflux pathway in 
the outer segments of photoreceptor cells.5 In epithelial cells of the intestine and the kidney, nutrient uptake (i.e. glucose 
and amino acids) is powered by a co-transport with sodium.6 For an understanding of the molecular action of these 
membrane proteins, and their role under physiological and pathological processes, it is desirable to know the extra- and 
intracellular sodium concentration.7 Moreover, many sodium dependent carriers and sodium conducting channels are the 
target of specific drugs.2 Knowledge of the actual intra- and extracellular sodium concentration could help to quantify 
the action of these drugs. 

During recent decades, fluorescent indicators have been developed that selectively bind sodium ions and change their 
absorption and/or emission properties upon binding. These indicators have become a powerful tool in measuring 
intracellular sodium concentrations ([Na+]i) in particular, because they provide the possibility to monitor changes of 
[Na+]i in living cells during the course of an experiment. However, despite considerable efforts in synthesizing new 
compounds, only a few indicators have been proven to be suitable for measurements in aqueous solutions and biological 
specimens. Among them, only sodium-binding benzofuran isophthalate (SBFI) and Sodium Green have a Kd value in 
aqueous solutions that is close to typical intracellular sodium concentrations.8

One important advantage SBFI exhibits over Sodium Green is that changes in [Na+] do not just cause a change in the 
fluorescence intensity, but induce also a wavelength shift of the excitation maximum.9 Such a shift permits ratioing 
between signals obtained at two excitation wavelengths.10 By calculating the ratio of fluorescence signals elicited by 
excitation at wavelengths that are shorter (e.g. 340 nm) or longer (e.g. 380 nm) than the isosbestic point, artifacts that are 
caused by an inhomogeneous dye distribution inside the cell can be cancelled out.11 Because of this property SBFI has 
been widely used. However, it has a couple of disadvantages due to its short excitation wavelength in the UV-region. 
First, excitation with UV light can result in considerable photodamage, and second, NADH autofluorescence is also 
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excited by UV-light. Therefore the SBFI signal must be separated from cellular autofluorescence, which is not trivial 
under experimental conditions such as hypoxia and metabolic impairment, where a reliable measurement of the 
intracellular sodium concentration is of great interest. SBFI can also not be used in most laser scanning microscopes 
because only few of them are equipped with expensive UV lasers. These disadvantages preclude a wider use of SBFI.  

Sodium Green, in contrast, has superior optical properties. First, it can be excited with the 488 nm line of argon ion 
lasers, with which most confocal laser scanning microscopes are equipped, and, second, its emission wavelengths are 
well separated from cellular autofluorescence (Fig. 3). Hence, it can also be used under conditions where cellular 
autofluorescence is likely to change. Furthermore, Sodium Green has a higher fluorescence quantum yield than SBFI 
(0.2 vs. 0.08), and shows greater selectivity for sodium over potassium (41-fold vs. 18 fold).8

However, Sodium Green is not a ratiometric dye. This may result in many artefacts due to an inhomogeneous 
distribution of the indicator. High fluorescence signals may not only be due to a high sodium concentration, but could 
also have been caused by an accumulation of the dye. There are no means to disentangle these two effects. Likewise 
inhomogeneities in the illumination path can bias the fluorescence signal. One way to circumvent these problems is to 
measure fluorescence lifetimes, which are independent of these factors. Another way is to embed the indicator dye and a 
reference dye in the polymer matrix of nanoparticles, thereby creating a ratiometric nanosensor. In this study we 
compare both approaches. 

2. METHODS
2.1 Cell culture 

Chinese hamster ovary (CHO) cells were cultured in modified Eagle’s Medium (Pan Biotech, Aidenbach, Germany) 
supplemented with 10% fetal bovine serum, 1% L-Glutamine and 1% penicillin-streptomycin (Invitrogen, Carlsbad, CA, 
USA). Cells were grown on coverslips and kept in a 5% CO2 environment at 37 °C. For nanosensor uptake, cells were 
washed and resuspended in 960 µL of supplement free media, to which 40 µL of the nanoparticle dispersion was added. 
Cells were then kept for 2 h at 37 °C in the 5% CO2 atmosphere before being repeatedly washed with phosphate 
buffered saline (PBS). For confocal imaging, cells were transferred to a custom built microscope chamber that enabled 
perfusion of buffers at room temperature.  

2.2 Spectrofluorometry  

For spectrofluorometry, Sodium Green free acid (Invitrogen, Carlsbad, CA, USA) was added to buffers containing 
10 mM HEPES (pH 7.4) so that the final indicator concentration was 5 µM. Sodium chloride concentrations were 
adjusted as indicated in the respective figures. Sodium chloride was either complemented with tetramethylammonium 
chloride or potassium chloride to yield a constant ionic strength (e.g. [Na+] + [TMA+] = 145 mM or [Na+] + [K+] = 
145 mM). 

All spectrofluorometric measurements were done in a Varian Eclipse fluorescence spectrometer (Varian, Darmstadt, 
Germany). Fluorescence excitation spectra of Sodium Green and Texas Red were recorded at the emission wavelength 
530 nm and 603 nm, respectively. For measuring the fluorescence emission spectra, Sodium Green and Texas Red were 
excited at the emission wavelength of the Ar-laser (488 nm) and the He/Ne-laser (543 nm), respectively. 

To obtain the dissociation constant (Kd) of Sodium Green, fluorescence intensities were normalized and plotted as a 
function of the free sodium concentration ([Na+]). The data were fitted to the following equation12:
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where F is the fluorescence of the indicator at a given sodium concentration. Fmin is the fluorescence in the absence of 
sodium, and Fmax is the fluorescence of the sodium-saturated probe. Vice versa, the free sodium concentration ([Na+])
can be calculated when Kd is known, using12:
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2.3 Confocal microscopy 

Confocal imaging was performed with a Zeiss laser-scanning microscope (LSM 510 and LSM710, Carl Zeiss, 
Göttingen, Germany) using a Zeiss C-Apochromat 63x (NA 1.20) water immersion objective. Sodium Green and Texas 
Red were excited with the Ar+-laser 488 nm line and the He/Ne-laser 543 nm line, respectively. Fluorescence was 
recorded with a 505-550 nm band pass filter (Sodium Green) and a 560 nm long pass filter (Texas Red).  

After loading the cells with the nanosensors and recording the fluorescence intensity under physiological conditions,  
strophanthidin (10 µM, Sigma, St.Louis, MO, USA) and the ionophores gramicidin D (10 µM, Sigma), nigericin (5 µM, 
Sigma) and monensin (15 µM, Sigma) were added to the extracellular solution to equilibrate sodium across the plasma 
membrane. By washing in HEPES buffered solutions (pH=7.4) of varying sodium concentrations the intracellular 
sodium concentration could be clamped to the desired concentrations. The potassium chloride concentration in the bath 
solution was adjusted to maintain a constant osmolarity (e.g. [Na+] + [K+] = 145 mM).  

2.4 Fluorescence lifetime measurements 

The setup used for time-domain fluorescence lifetime measurements is shown in Figure 1. Samples were scanned on the 
stage of the confocal laser-scanning microscope (LSM510, Zeiss, Jena, Germany) and excited by ultrashort (FWHM 
130 fs) light pulses generated by a combination of a 5 W, frequency-doubled Nd:YVO4 laser (5 W Verdi, Coherent, 
Dieburg, Germany) and a mode-locked Titanium:Sapphire laser (Mira 900, Coherent). A pulse picker (Model 9200, 
Coherent) was used to decrease the excitation pulse frequency to the fastest possible repetition rate (2 MHz) of the streak 
camera sweep unit. For two-photon excitation the beam was directly coupled into the IR-port of the microscope. For 
one-photon excitation the second harmonic of the fundamental laser frequency was generated in a non-linear �-barium 
borate (BBO) or a lithium triborate (LBO) crystal. Flippable mirrors (NewFocus, SanJose, USA) were used to switch 
between the respective excitation paths.  

The emitted light was guided via an optical fiber to a polychromator (250is, Chromex Inc., Alburquerque, NM, USA), 
which spread the incident light along the horizontal axis and focused it on the entrance slit of the streak camera (C5680 
with M5677 sweep unit, Hamamatsu Photonics, Herrsching, Germany). 

Figure 1.Setup for spectrally resolved fluorescence lifetime measurements. The sample is excited by ultrashort (130 fs 
FWHM) light pulses generated by a combination of a mode-locked Titanium:Sapphire laser, a pulse picker, and a SHG 
crystal. Emitted fluorescence is guided through an optical glass fiber to a polychromator, which disperses the fluorescence 
light according to its wavelength along the horizontal axis and focuses it the entrance slit of the streak camera. 

Proc. of SPIE Vol. 7569  756914-3

Downloaded from SPIE Digital Library on 27 Mar 2012 to 129.94.135.61. Terms of Use:  http://spiedl.org/terms



2.5 Operation principle of a streak camera 

Figure 2 illustrates the operation principle of a streak camera. The light pulse, which has been horizontally dispersed by 
the polychromator, is focused onto the photocathode of the streak tube where photons are ‘converted’ into 
photoelectrons. The photoelectrons are accelerated by the accelerating electrode, pass through a pair of deflection plates, 
are multiplied in a micro-channel plate (MCP), and hit the phosphor screen of the streak tube, where they are 
reconverted into an optical image - the so-called streak image. At the instant the photoelectrons pass through the 
deflection electrodes a voltage ramp is applied so that the electrons are swept from top to bottom. Electrons leaving the 
photocathode at earlier times arrive at the phosphor screen in a position close to the top of the screen, while those 
electrons that leave the photocathode at later times arrive at a position closer to the bottom of the screen. Hence, the time 
at which the photoelectrons left the photocathode can be determined by their vertical position in the streak image. The 
horizontal position of the incident photon depends on its wavelength, because a spectrograph was used to focus the 
spectrum onto the streak-camera entrance slit. Thus the resulting streak image contains information about the temporal 
distribution of the incident light as a function of its wavelength.  

The streak images are read out by a CCD camera and transferred in 111 ms intervals to a computer. In the so-called 
“photon counting” mode, a threshold value is used with the streak image to separate out noise. Only signals exceeding 
the threshold value are counted as one single photon event. The events are added up in the computer memory, and as a 
result, integrated photon-counting streak images are obtained. If the integration time is long enough a very high signal-
to-noise ratio can be achieved. The streak images can be used to extract both the fluorescence spectrum and the 
fluorescence decay curve at the same time. Spectra are generated by summarizing fluorescence intensities along the 
vertical (time) axis and plotting the resulting intensities versus the horizontal (wavelength) axis. Alternatively, by 
summing up the fluorescence intensities in the wavelength bands of interest, and plotting the resulting intensities versus 
the vertical axis, one can obtain fluorescence decay curves.13,14

Recorded streak images were analyzed with our own software, which was developed by using MATLab (MathWorks, 
Natick, USA). From these streak images fluorescence spectra and fluorescence decays were extracted. Fluorescence 
decays were evaluated using the ‘iterative reconvolution method’ and a modified Gauss-Newton algorithm to 
approximate the parameters of a given model. The goodness of the fit was judged by the value of the reduced 2

� .

Figure 2. Operating principle of a streak camera (see text for details) 
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2.6 Preparation of Gold Core Polyacetal Coated Nanoparticles 

A detailed description of the synthesis of the nanosensors is given by Stanca et al.15 In brief, to create a gold nanoparticle 
suspension two solutions were made; a gold salt solution containing 1 ml of 1% HAuCl4 in 79 ml distilled water, and a 
reducing mixture consisting of 5 ml of 1% tannic acid in 15 ml distilled water. At 60 oC the reducing mixture, 100 µl of 
1% PVA, and 100 µl of 8 µM cysteine solution were added to the gold salt solution in quick succession whilst stirring 
continuously. After completion of the reaction, which was evident from the red colour, the suspension was immediately 
used for sensor preparation. To attach the indicator dye and the reference dye to the gold core, 10 µL of a 10 µM 
solution of the respective fluorophores were mixed with 990 µl of the gold suspension whilst stirring for 2 h at 60 oC. 
Separately, 18 mg of polyacetal was dispersed in 10 mL dimethylformamide (DMF) by heating to 135 oC. 1 ml from this 
mixture was then diluted with 9 mL of DMF, cooled to room temperature, and then 10 µl of that dispersion was added to 
1 ml of the now fluorophore linked nanoparticle dispersion and stirred for 2 h. The gold nanoparticle dispersions were 
then precipitated with NaCl, centrifuged, and the pellet was dispersed in water to make a 1 ml volume. Immediately 
prior to use a 40 µl aliquot of the above dispersion was diluted with 960 µl cell culture medium and added to the cells. 

3. RESULTS
3.1 Properties of free Sodium Green 

Figure 3 summarizes some of the chemical and physical properties of the free Sodium Green indicator. In aqueous 
solution its excitation maximum exhibits a peak at 505 nm, and its emission spectrum has a maximum at 533 nm 
(Fig. 3A). Upon binding to sodium ions, Sodium Green exhibits an increase in fluorescence intensity with little shift 
towards longer wavelengths (Fig 3B). Figure 3 C shows the relative fluorescence (F/Fmin) as a function of [Na+]. The 
data can be fitted to Eq. 1 (see Methods) yielding a value of 8.6 mM for Sodium Green’s dissociation constant (Kd). In 
solutions containing both sodium and potassium (with a total cation concentration of 145 mM) the Kd is slightly elevated 
to a value of 22.4 mM (Fig. 3C). This finding is consistent with a model in which the bigger potassium ion blocks the 
sodium binding site of the crown ether. Because both Kd values match the range of intracellular sodium concentrations, 
physiological changes in [Na+]i are able to exert an effect on the ratio of free to sodium-bound indicator molecules and 
the overall fluorescence intensity. 

By knowing these data it is, in principle, possible to determine [Na+] in a biological sample. However as Sodium Green 
is not a ratiometric dye there is no way to correct for inhomogeneities in the distribution of the indicator. High 
fluorescence signals may not only be due to a high sodium concentration, but could also have been caused by dye 
accumulation in localised regions of a cell. Likewise inhomogeneities in the illumination path can bias the fluorescence 
signal. 

A B C

Figure 3. Optical and chemical properties of free Sodium Green. (A) Fluorescence excitation (�em = 530 nm) and 
fluorescence emission spectrum (�ex = 505 nm) of Sodium Green in buffered solution (pH 7.4) containing 0 mM sodium. 
(B) Fluorescence emission spectra of Sodium Green (�ex = 488 nm) at sodium chloride concentrations of 0 (bottom), 1, 2, 5, 
10, 20, 50, 100 and 150 mM (top). For all solutions containing less then 145 mM sodium chloride, potassium chloride was 
added so that the total cation concentration was 145 mM. Spectra were normalized with respect to the peak of the emission 
spectrum at a sodium concentration of 0 mM. (C) Fluorescence intensity as a function of free sodium concentration. The 
data were derived from the emission spectra shown in panel B and fitted to equation 1 (see Methods). The fit yielded a Kd of 
22.4 mM. 

Kd = 22.4 mM 
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3.2 Fluorescence lifetime measurements of Sodium Green 

Fluorescence lifetimes are independent of the above mentioned factors. They are a property of the fluorophore and its 
environment. Since sodium binds to Sodium Green, one should expect that it has some effect on the excited state 
lifetime. If one fluorescence lifetime component can be attributed to the sodium-free form of the dye, and one 
component to the sodium-bound form, then the overall fluorescence decay should exhibit a biexponential time course 
(Fig. 4).  

Figure 4. The concept behind fluorescence lifetime measurements. In the ideal case, a fluorescence lifetime component, �1,
can be attributed to the sodium-free form of Sodium Green; and another component, �2, can be attributed to the sodium-
bound form, so that the overall fluorescence decay exhibits a biexponential time course. By fitting a biexponential function 
to the fluorescence decay, the lifetime components �1 and �2, as well as the amplitudes A1 and A2, can be recovered. 
Provided that this simple model holds and that the fit is appropriate, then A1 and A2 would be equal to the fraction of the 
sodium-free and the sodium-bound form of Sodium Green. 

Figure 5 shows a series of fluorescence decay measurements obtained with our streak camera system. The fit with a 
biexponetial model, however, did not yield acceptable results. The fitted curves deviated considerably from the 
measured intensity decays (Fig. 5A), and the residuals were not randomly distributed (Fig. 5B). The parameters 
recovered by the fit are shown in Table 1. A triexponential fit could describe the fluorescence decay better (Fig. 5 C,D, 
Table 1). Similar results were already obtained by measurements in the frequency domain by Szmacinski and 
Lakowicz15 and Despa et al.17 Apparently, the fluorescence decay cannot be explained by such a simple model as the one 
presented in Figure 4, and most likely both forms, the sodium-free and the sodium-bound, exist in several 
conformational states, with different lifetimes contributing to the overall fluorescence decay.  

�1

�2

I(t) = A1exp(t/�1) + A2exp(t/�2)
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Figure 5. Global fit of fluorescence intensity decays of Sodium Green recorded at varying sodium concentrations ranging 
from 0,1, 2,5,10,20,50 to 100 mM. Sodium chloride was complemented with tetramethylammonium chloride to yield a 
constant ionic strength of 290 mM (e.g. [Na+] + [TMA+] = 145 mM, pH = 7.4). A) Fluorescence intensity decays (black) 
and results of the biexponential fit (red). B) Residuals C) Fluorescence intensity decays (black) and results of the 
triexponential fit (red). D) Residuals. The parameters recovered by the fit are shown in Table 1. 

Table 1. Global fit of the fluorescence intensity decays shown in Figure 5. The biexponential fit yielded the global lifetimes 
of �1=0.30 ns and �2=2.44ns. The triexponential fit yielded the global lifetimes of �1=0.13 ns,  �2=0.54ns and �3=2.80 ns. 

  Biexponential fit  Triexponential fit 
c

(mmol/l)
 A1

(%) 
A2
(%) 

�m
(ns) 

²  A1
(%) 

A2
(%) 

A3
(%) 

�m
(ns) 

²

0  75.4 24.6 0.83 1.81  46.8 36.5 16.7 0.73 1.42 
1  72.5 27.5 0.89 1.84  47.1 33.6 19.4 0.78 1.54 
2  69.9 30.1 0.94 2.06  43.2 35.0 21.7 0.85 1.79 
5  64.2 35.8 1.07 1.92  38.0 35.2 26.9 0.99 1.63 
10  59.4 40.6 1.17 1.42  31.2 37.2 31.5 1.12 1.08 
20  54.4 45.6 1.28 1.32  26.6 37.0 36.4 1.25 1.03 
50  48.3 51.7 1.41 1.31  18.9 38.4 42.7 1.43 1.06 

100  47.8 52.2 1.42 1.37  16.1 40.2 43.8 1.46 1.07 

In the presence of potassium ions, more complicated decay models are necessary.15 In principle, the average lifetime (�m)
or the amplitudes (A1, A3) of the fast and slow lifetime component (�1,�3) could be still be used to estimate the sodium 
concentration, despite the lack of a good model. But, in practice, these measurements are biased by interactions of the 
dye with intracellular components, which makes an analysis of the fluorescence decay impossible. 

3.3 Sodium nanosensors 

For the researcher it would be desirable to have an indicator that has some of the optical properties of Sodium Green, but 
is not influenced by intracellular proteins. Furthermore, this indicator should permit ratiometric measurements favorably 
between two emission wavelengths. Unfortunately, such an indicator has never been synthesized despite considerable 
effort. The need to synthesize such an indicator, however, can be circumvented by incorporating known indicators into a 
nanoparticle structure that can be tailored to the specific task. In this way it is possible to exploit the analyte recognition
capabilities of the indicator and to protect it from the effects of the intracellular environment. 

We tried to accomplish this aim by incorporating Sodium Green into nanoparticles consisting of a gold core stabilized by 
poly(vinyl alcohol) and surrounded by a polyacetal shell (Fig. 6) 
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 Figure 6. Scheme of the nanosensor architecture. Sodium Green and Texas Red were anchored to the Au core of the 
nanoparticles via a linker. The particles are stabilized by poly(vinyl alcohol) and surrounded in a polyacetal coating that is 
permeable to the analyte.  

One advantage of this approach is that a second dye can be readily incorporated in the polymer matrix, whose 
fluorescence signal can then serve as a reference to indicate the nanosensor concentration. Since the reference dye does 
not need to be attached covalently to the indicator dye, it must meet only two requirements. First, its fluorescence signal 
must be insensitive to sodium, and second, its fluorescence emission spectrum should be well separated from the 
indicator dye. In this study Texas Red was used as reference dye. Figure 7A shows the emission spectra of the 
nanosenors obtained in solutions of different sodium concentrations. The emission intensity of Sodium Green changes as 
a result of varying sodium concentrations. The slight visible change of the Texas Red fluorescence intensity is caused by 
the small overlay of Sodium Green’s emission spectra. 

To test if the nanosensors can be delivered to the cytosol and used for intracellular sodium measurements, we incubated 
CHO cells with them. After an incubation period of 2 hours the nanoparticles were readily transferred into the cells 
without the use of transfection agents. After washing the cells with phosphate buffered saline (PBS) we did not see any 
evidence that nanoparticles adhered to the plasma membrane. To test the response of the nanosensors, the CHO cells 
were incubated with ouabain, an inhibitor of the Na+/K+-ATPase, and the ionophores nigericin, monensin and 
gramicidin. Fluorescence intensities were then measured in HEPES buffer containing NaCl concentrations of either 10 
mM or 100 mM. Figure 7B shows the time course of the Sodium Green and Texas Red fluorescence signal during the 
entire experiment. As demonstrated by Figure 7B, switches to and from equivalent sodium concentrations produce 
repeatedly identical fluorescence signals, even in experiments of over 15 min duration. 
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Figure 7. Properties of Gold nanosensors A) Fluorescence spectra of the SG – Texas Red linked nanoparticles suspended in 
HEPES 10 mM at variable [Na+] (from top to bottom: 20, 10, 5, 2, 0 mM NaCl complemented with KCl to attain a constant 
osmolarity of 290 mOsmol/l; �ex = 488 nm). B) Response to a change in [Na+] in a CHO cell as measured with nanosensors 
linked with SG and Texas Red. (Figure adapted from Stanca et al., Nanotechnology 21:55501 (2010)). 
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4. CONCLUSIONS 
In this study we assessed several ways to measure sodium concentrations with the non-ratiometric sodium indicator 
Sodium Green. Its fluorescence intensity depends on the sodium concentration (Fig. 3 B), and the relationship between 
sodium concentration and Sodium Green fluorescence (Fig. 3 C) can be exploited to measure sodium concentrations. 
However, in biological specimens fluorescence intensity measurements can be biased by inhomogeneities in the dye 
distribution, or a variation of the excitation light in space and time. Thus, there is no way to clearly attribute a change in 
the measured fluorescence intensity to a change of the sodium concentration. 

One way to circumvent this problem is to measure fluorescence lifetimes, which are independent of the dye 
concentration or the excitation intensity. However, the fluorescence decay of Sodium Green is complex and cannot be 
explained by a simple model in which one lifetime component can be attributed to the sodium-free form of the dye, and 
another to the sodium-bound form (Fig. 4). Hence, the fluorescence decay cannot be fitted adequately by a biexponential 
function. A tri- or tetra-exponential fit would have to be used (Fig. 5, Table 1). In principle, the average lifetime (�m) or 
the amplitudes (A1, A3) of the fast and slow lifetime component (�1,�3) could still be used to estimate the sodium 
concentration, despite the lack of a good model. However, in practice these measurements are biased by interactions of 
the dye with intracellular components. 

Another approach is to embed Sodium Green and a reference dye into a nanoparticle structure. In this study we used 
Texas Red as a reference dye. By taking into account the fluorescence signal of the reference dye, inhomogeneiteis in the 
dye concentration, or fluctuations in the light intensity, can be corrected for. Moreover, the nanoparticle structure does 
not only provide a scaffold for the indicator and the reference dye, it also ensures a defined microenvironment in which 
the fluorescence properties of the indicator are not compromised by interfering biomolecules. 
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