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Abstract: A simple and easy to implement numerical method is proposed in order to considerably simplify the experimental
calibration procedure of C-SNARF-1 indicator used for ratiometric pH sensing. Usually, calibration is based on the
measurement of fluorescence spectra using perfectly calibrated equipment at extreme pH values. The calibration solutions
must be extremely well controlled in terms of indicator concentration and path length. Also, the optical equipment used must
be well controlled and excitation energy as well as fluorescence collection efficiency must be perfectly constant over the whole
calibration procedure. The method we propose is based on the fact that the emission fluorescence energy does not only depend
on pH but also on the excitation wavelength. In this paper, we propose a model describing the evolution of the emitted energy
as a function of pH and excitation wavelength. We show that the emitted energy evolves linearly with pH and we express this
linear evolution as a function of the excitation wavelength. We also show the evolution of the isosbestic (or isoemitting) point
as a function of the excitation wavelength. Knowing the linear dependence of the emitted energy as a function of excitation
wavelength allows post-processing calibration spectra obtained with basic optical equipment where the excitation energy,
fluorescence collection efficiency, indicator concentration and path length can vary over the calibration session. Because the
calibration procedure becomes independent of the above mentioned parameters, the post-processing we propose considerably
simplify indicators calibration. This method can easily be transposed, not only to other ratiometric pH indicators, but also to
ion sensing fluorescent indicators exhibiting dual emission peaks.
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1. Introduction

A large number of fluorescent indicators have been
developed for optical pH sensing. Initially, they have been
synthetized for intracellular pH imaging [1-3], but they can
also be used for other applications in optodes configurations
(for example [4-7]). Two kinds of fluorescent pH indicators
can be purchased. The first group includes fluorescent
molecules which exhibit a single emission peak (fluorescein
for example [8]). For these indicators, the fluorescence
intensity is directly related to the pH of the surrounding

medium. The shape of the emission spectra remains constant.
Therefore, pH determination using these indicators requires
normalizing the fluorescence intensity with intensity
measured at high pH values (pH above 8 in reference [8]).
The second group of indicators exhibits a double
fluorescence emission peak. Here, each protonated or
deprotonated forms exhibits characteristic fluorescence
and/or absorption spectra [9]. Shifts between spectra obtained
for protonated and deprotonated species can be exploited in
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order to perform a ratiometric measurement. Two situations
occur, either the excitation is performed at two excitation
wavelengths and the fluorescence emission is measured at
one wavelength, or the excitation is performed at only one
excitation wavelength and fluorescence emission is measured
at two emission wavelengths [10]. Under certain conditions,
ratiometric  measurement makes pH  determination
independent of the indicator concentration or optical path
length because pH is related to the ratio (in excitation or
emission) at two characteristic wavelengths. Despite the
existence of drawbacks to using C-SNARF-1 [1, 9], this
molecule and the chemical family it is belonging to has been
widely used for pH sensing [11-14].

However, measuring the fluorescence emission ratio at
two distinct wavelengths does not lead to an exact
determination of pH. Indeed, the indicator must be
calibrated using two extreme pH solutions for which ratios
at measurement wavelengths are calculated. The calibration
procedure can be found either in the manufacturer website
[15] or in various publications [11, 16-18]. Note that the
same calibration procedure can be used for general
fluorescence ion concentration measurements [18-21] when
dual emission peak indicators are used. Complementary
calibration procedures have been proposed to take into
account the biochemical variability of cells under
investigation [12]. Note also that in situ calibration
procedure can be performed using nigericin [22]. However,
this method may not be applicable in all situations and it
cannot be used to calibrate optodes.

The “classical” calibration procedure must be performed
for various reasons listed in [10]: sensitivity of the indicator
to ionic strength, specific interactions depending on the
nature of the indicator or structural changes of the medium.
It also requires extreme care when performing
measurements as explained in [21] in the case of calcium
detection. Adapted from reference [21], “any intervening
loss of dye or changes in instrument sensitivity jeopardizes
the calibration and may be mistaken for a change in [H']”.
Equation (1) presents the relationship between pH, pK, and
intensity ratios.

pH = pK, — logs, [R_RB X é] (1)
Ra-R " 1}

Here, R is the intensity ratio measured at wavelengths 1,
and A, for the solution of unknown pH, Ry and R4 are the
intensity ratios at the same wavelengths measured for the
deprotonated and protonated forms of the indicator
respectively, IZ and IZ are the intensities measured at A, for
the deprotonated and protonated forms of the indicator
respectively.

Consequently, extreme pH solutions must be prepared
with a very controlled and reproducible indicator’s
concentration. The same holds for the path length in the
cuvette containing the indicator. The excitation must be
kept constant between low pH and high pH measurements.
The collection of fluorescence must be performed with
exactly the same efficiency for both measurements. These

requirements may be met using laboratory level
spectrofluorometers when this expensive apparatus is
available, but they can be sources of experimental
difficulties in other situations.

In this paper, we present a simple method to post-process
calibration spectra obtained with basic optical equipment
where both the excitation and fluorescence -collection
efficiency can differ over the calibration session. This
method also allows accounting for variations of indicator’s
concentration or measurement path lengths. This post-
processing considerably simplify indicator’s calibration
procedures. Indeed, calibration becomes independent of the
experimental difficulties mentioned above.

2. Material and Method

The method we propose uses fluorescence spectra obtained
from: the C-SNARF-1 supplier [15], the scientific literature
[12, 23] and our own experimental data.

2.1. Material

1. Supplier and literature spectra were digitized using the
“Engauge digitizer 3.0” freeware. They were next
smoothed using the cubic spline smoothing function
available in Matlab® and stored as a .txt file for
subsequent numerical treatment.

2. Buffer solutions were Phosphate Buffer Saline (PBS)
0.5X composed of 68.5 mM NaCl, 5 mM phosphates (4
mM Na,HPO, and KH,PO, with proportion tuning the
pH value), 1.35 mM KCL

3. pHs of buffer solutions were controlled with a Hanna
instrument pH211, resolution 0.01 unit pH.

4. C-SNARF-1 (serial number 1270) was purchased from
Thermofisher. A stock solution was prepared adding 1
mg of indicator to 1 ml of pure water. 40 pl were
sampled and added to 400 pl of water to obtained
aliquots used to prepare solutions of various pHs (20ul
aliquot + 1 ml buffer solution).

5. Plastic cuvettes purchased from Dominique Dutcher
with 10 mm path length were filled with solutions at
various pHs for fluorescence measurements.

6. Fluorescence was excited at 485 nm wavelength using
an Oxxious, 488-50-COL-PP laser.

7. Excitation and emission filters as well as a dichroic
mirror were integrated in a fluorescence beam-
splitter purchased from Doric Lenses and equipped
with collimation of injection lenses designed for
multimode fibers with 200 pm diameter core.
Emission filter, dichroic mirror and emission filter
are FF01-488/10-25, FF500-Di01-25x36, BLPOI-
488-25 respectively.

8. Conventional 200 pum core optical fibers purchased
from Thorlabs (M38L01) were used to connect the
excitation laser to the excitation port of the fluorescence
beam-splitter and the emission port of the fluorescence
beam-splitter to the spectrometer.

9. Spectra were acquired with a QEP00363 spectrometer
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purchased from Ocean Optics with an integration time
of 100 ms. Wavelength span 348 nm to 1127 nm, 1044
pixels. No boxcar or averaging were used.

2.2. Method

The whole post-processing relies on the calculation of the
energy emitted by the C-SNARF-1 for each pH and each
excitation wavelength. This energy is proportional to the area
under the spectra. In spectroscopy, cm™ are equivalent to
energy. Spectra are therefore processed in the wavenumber
domain.

Excitation: 534 nm

Excitation: 514 nm

2.2.1. Evolution of the Fluorescence Emission Versus pH
and Excitation Wavelength

Spectra used in this study are obtained by digitalization of
supplier’s data, data found in the literature and obtained with
our own measurements. Scales of these spectra being
different, spectra must be normalized so that the subsequent
calculation holds for all data regardless of their origin. For
each excitation wavelength, normalization consists in
dividing the spectral data by the absolute maximum of
spectra obtained for all pH values. This normalization can be
written as follows.

Excitation: 488 nm
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Figure 1. Normalized emission spectra of C-SNARF-1 at different excitation wavelengths and for various pHs. Top row: spectra expressed in wavelengths.
Bottom row: spectra expressed in wavenumbers. Legend indicating pHs is reproduced only once for clarity. Source [15].
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Here, S f:f (A) represents spectra for an excitation at A, at

pHi expressed in wavelength, Sfii(a) represents spectra for

an excitation at A,, at pHi expressed in wavenumber and

~pHI . . .
sfexl (o) represents normalized spectra for an excitation at

Aex at pHi expressed in wavenumbers and » the number of
different pHs.

Figure 1 shows the emission spectra of C-SNARF-1
obtained from the supplier’s data [15]. The top row
represents spectra in wavelengths for excitation wavelength
at 534 nm, 514 nm and 488 nm. The bottom row represents
the same spectra expressed in wavenumbers. Note that this is
only when all the above mentioned calibration parameters are
perfectly controlled that an isosbestic point appears when
plotting spectra.

~pHI

(0) =

pHi
Shex (o)

2)

The post-processing is based on the following observation.
The area under the curves evolves according to pH. Also, this
area under the curves evolves differently for different
excitation wavelengths. For each spectrum, the normalized
energy emitted by the indicator can be written as follows.

EpHi

~pHI
. = I3} (0)da (3)
As we will see in the “Results and discussion” section, for
each excitation wavelength, the normalized energy evolves
linearly with pH. Equation (3) can then be re-written as

follows.
4

Here, a;,, and b;, are the coefficients of the linear

E;,,(pH) = a3, -pH + by,
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evolution of the normalized energy with pH at the excitation
wavelength A,,.

2.2.2. Fluorescence Spectra Post-Processing

Consider that experimental spectra, obtained with an
excitation wavelength 4., are recorded using non-perfectly
controlled calibration solutions or non-perfectly controlled
instrument sensitivity. Each spectrum exhibits its own energy
and no isosbestic point appears when plotting the spectra.

The first step to correct these experimental spectra is to
normalize them independently with their own energy
(equation (5)). In this way, all normalized spectra will exhibit
the same normalized energy.

pHi ( ) Si’::'(a) 5
nst(g) = —Lf&&—
Aex ) si’:;l (o)do ( )

Here, sf:ci(a) represents the experimental spectra

recorded at pHi with an excitation wavelength A,, and

nsfg: (o) the normalized spectra.

Because we know the law governing the evolution of the
normalized energy as a function of pH and for each
excitation wavelength (equation (4)), the second step consists
in calibrating the experimental spectra as follows.

pHi
PHi, N _  Sagr@ .
cnsy, (o) = T (oya (ar,, "pH+ by,,) (6)

Here, cnsf:; (o) represents the corrected experimental
spectra recorded at pHi for an excitation wavelength 1,,. As
we will see in the “Results and discussion” section, spectra
are correctly corrected and the isosbestic point appears
clearly. The calibration procedure can now be performed
because the ratios R, Ry and R, as well as the ratio I3 /I can
be calculated precisely using the re-calibrated spectra.

An extreme control of the calibration experimental
parameters is not required anymore.

2.2.3. Linear Coefficients and Isosbestic Point as a
Function of the Excitation Wavelength
As it will be shown in the next section, linear coefficients
a,,, and by, as well as the position of the isosbestic point IB
linearly depend on A,,. These behaviors are given as follows.

alex(lex) = oy dex + @
blex(;tex) = P1 Aex + B

IB(Aex) = Y1 dex T V2

for the linear coefficients (7)

for the isosbestic point  (8)

Note that the entire post-processing can also be conducted
in the wavelengths domain. In this case, linear coefficients
are given by other values than those calculated in the
wavenumbers domain. These coefficients in the wavelengths
domain are given at the end of section 3.

3. Results and Discussion

In this section, discussion will be proposed together with

the presentation of the experimental results.

3.1. Determination of the Linear Coefficient and Position of
the Isosbestic Point

The method described above was used with data obtained
from the supplier’s website [15] in order: first to demonstrate
the linear evolution of the emitted energy, second to calculate
the linear coefficients and their dependence with respect to
the excitation wavelength and third to express the position of
the isosbestic point as a function of the excitation wavelength.

Figure 2 shows the evolution of the emission energy as a
function of pH for the 3 excitation wavelengths available in
the supplier’s website [15]. The top part shows the
normalized energies calculated from the spectra according to
equations (2) and (3). The bottom part shows the normalized
energies difference from the average value at each excitation
wavelength and expressed in percentage.
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Figure 2. Evolution of the normalized energies with pH for three excitation
wavelengths. Data from supplier [15].

The linear evolution of normalized energies with pH is
clearly observed. There is a little question concerning result
obtained for pH = 6.8. The linear regression would have been
better with a solution at pH = 6.5 as indicated with question
marks on the figure. However, calculations conducted using
pH = 6.5 instead of pH = 6.8 does not significantly modify
the coefficients of the linear regression.

The data obtained with an excitation wavelength of 488
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nm show dispersion around the linear regression (especially
at pH 7.2 and 7.6). This is due to two concomitant factors.
First, the normalized energy evolves quite slowly when C-
SNARF-1 is excited at 488 nm wavelength. The global
variation in terms of percentage is +/- 5% over the pH range
while it is over +/- 20% for an excitation at 514 nm and over
+/- 50% for an excitation at 534 nm. Second, digitalization is
somehow inaccurate, especially when the original data are
represented with relatively thick lines. Those factors together
explain why the dispersion of data is a bit larger excitation at
488 nm.

From these data, we can express the linear coefficients for
each excitation wavelength. Data, calculated in the
wavenumbers domain, are summarized in table 1.

Table 1. Linear coefficients as a function of the excitation wavelength (in the
wavenumbers domain,).

Table 2 summarizes the values of o, B and y in equations
(7) and (8) when calculated in the wavenumbers domain.

Table 2. Coefficients a, fand y

a b 1B
a; = 9.904 P
(clm‘l pH unit'nm) B; = —90.31 (cm'nm™) y, = —0.307

a, = —4889.3

— -1
(cm™ pH unit™) Ba = 46656 (cm)

Y, = 764.7 (nm)

Ay (nm) a (cm™. pH unit™) b (cm™)
534 399.6 -1571
514 201.7 238.5
488 -56 2583.6

Figure 3 shows the evolution of parameters “a” and “b”
(top) and the position of the isosbestic point (bottom) as a
function of the excitation wavelength. The linear behavior is
clearly visible. Coefficients in equation (7) and (8) can now
be calculated.
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Figure 3. Evolution of coefficients and isosbestic point as a function of the
excitation wavelength. Top: coefficients “a” and “b”. Bottom: position of

the isosbestic point. Data from supplier [15].

3.2. Re-Calibration of Fluorescence Spectra

The post-processing was experimented with supplier’s data,
our own data and data from literature [23]. We also studied
spectra given in [12] and discussed aspects concerning the
position of the isosbestic point and excitation wavelength.

In order to test our method, amplitudes of the spectra from
supplier presented in figure 1 were randomized. Post-
processing is used to re-calibrate these artificially modified
spectra. The result is given in figure 4. Modified supplier’s
data are represented on the top while re-calibrated spectra are
given at the bottom. This re-calibration was performed
considering an excitation wavelength of 488 nm. The
isosbestic point is easily recovered after re-calibration.

Randomized spectra from supplier
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Figure 4. Re-calibration using modified supplier’s data.

We next tested the method with our own data. The result is
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given in figure 5. Our raw data are represented on the top
while the re-calibration is shown at the bottom. It can be seen
from this figure that experimentally, the spectra we recorded
cannot be used for calibration. Buffer solutions containing C-
SNARF-1 were prepared with extreme attention. Variations
of the amplitudes of our spectra is mainly due to variations of
excitation and collection. Indeed, we used very basic plastic
cuvettes which are not sold for calibration purpose but more
likely for qualitative measurements. Variations in the
thickness of the plastic walls and path lengths may occur.
More importantly, cuvettes were placed manually against the
output SMA connector of the fluorescence beam-splitter.
Between consecutive measurements, cuvettes were probably
not always perfectly perpendicular to the optic axis of the
beam-splitter. This results in variable path lengths and
multiple reflection inside the cuvette which cannot be
controlled. This is the main reason to the aspect of our raw
data. However, it can easily be seen that the re-calibration
method perfectly works. In this experiment, the excitation
wavelength was 485 nm. Correction coefficients were
computed from equation (7). Zooming around the isosbestic
point shows that its re-calibrated position is around 614 nm,
quite close to the 616 nm theoretical value given by equation
(8) for this excitation wavelength.

Raw data
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Figure 5. Re-calibration using our own data. Top: raw data. Bottom: re-
calibrated spectra.

Then, we tested the method on data digitalized from [23].
The result is shown in figure 6. It can be seen that the
isosbestic point is relatively well retrieved at a value around
614 nm in complete accordance with the value calculated
from equation (8) for an excitation at 488 nm. However, re-
calibration seems to be less efficient than it was for our own
data. We think it is due to the difficulty to accurately
digitalize data. Also, for our data, re-calibration was made
considering the whole spectrum from 348 nm to 1127 nm
which was not the case for digitalized data. Calculation of the
energy with truncated data may induce uncertainty in the
result.
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Figure 6. Re-calibration using data digitalized from [23]. Top: raw data.
Bottom: re-calibrated spectra.

Finally, we analyzed the spectra given in [12] where an
isosbestic point at 620 nm wavelength is observed for an
excitation wavelength of 488 nm. This is not directly in
accordance with what is mentioned above. However, this
changes absolutely nothing to the numerical analysis of the
spectra proposed in [12] where the spectra analysis is
performed in order to account for the small number of free
H' ions in the yeast mitochondria. It is possible that the
internal medium of yeast slightly shifts the isosbestic point.

Data were analyzed according to our method. We found
a=-323.5 and b=4274. According to equations (7), this
corresponds to an excitation wavelength of 461 nm in terms
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of coefficient “a” and 469 nm in terms of coefficient “b”.
Now using equation (8), these two wavelengths lead to an
isosbestic point between 621 nm and 623.5 nm which is in
accordance with the observed value. However, the numerical
treatment proposed in this work makes the result independent
of the value of the excitation wavelength or position of the
isosbestic point.

More generally, our post-processing proved to be
extremely efficient. We already mentioned the difficulties
related to the poor accuracy of digitalization and truncation
of the spectral data. Assessing the accuracy of this method is
extremely difficult. Using the curve fitting toolbox in
Matlab® to estimate uncertainties in the determination of
coefficients “a” and “b” is not an option. The very small
number of data with the different excitation wavelengths
available (3 indeed) leads to large uncertainty despite the
good linear regression we obtained in figures 2 and 3. At this
level of development, the best way to assess the accuracy of
the method is to visually evaluate the area into which the
isosbestic point can be located, before and after re-calibration.

Before to conclude, table 3 shows the main parameters a, b,
o and [3 when the calibration is conducted in the wavelengths
domain.

Table 3. Main parameters when the re-calibration is conducted in the
wavelength domain.

Ay (Nnm) a b (nm)
534 0.851 71.75
514 9.426 -8.03
488 16.401 -70.26
— -1 - _
a and B a; = 0.3376 (nm™) B, =—-3.09

a, = —164 B, = 1578 (nm™)

4. Conclusion

In this paper, we have presented a simple method to post-
process fluorescence spectra used to calibrate C-SNARF-1
indicator for ratiometric pH measurements. A model
describing the evolution of the emitted energy as a function
of pH and excitation wavelength was proposed. We showed
that the emitted energy evolves linearly with pH and we
expressed this linear evolution as a function of the excitation
wavelength. We also showed the evolution of the isosbestic
point as a function of the excitation wavelength. The method
was successfully applied to artificially modified spectra
digitalized from the manufacturer’s website. It was also
successful in re-calibrating our own spectra and spectra
digitalized from literature.

This post-processing considerably simplify indicators
calibration procedures as calibration becomes independent of the
indicator’s concentration and path length and is not equipment
dependent anymore. This method can easily be transposed to
other ratiometric pH indicators exhibiting a dual emission peak
and also more generally to ion sensing fluorescent indicators
exhibiting dual emission peaks and for which the same initial
calibration procedure is recommended. It is possible that the
equations describing the fluorescence properties of other
indicators exhibit a nonlinear behavior. Because re-calibration

simply consists in multiplying normalized spectra by these
equations, this post-processing remains valid regardless of the
spectral behavior of the indicator.
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