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SUMMARY:  25 
Due to the spectral overlapping of the excitation and emission wavelengths of NADH and fura-2 26 
analogs, the signal interference from both chemicals in live cells is unavoidable during 27 
quantitative measurement of [Ca2+]. Thus, a novel online correction method of NADH signal 28 
interference to measure [Ca2+] was developed. 29 
 30 
ABSTRACT:  31 
To measure [Ca2+] quantitatively, fura-2 analogs, which are ratiometric fluoroprobes, are 32 
frequently used. However, dye usage is intrinsically limited in live cells because of 33 
autofluorescence interference, mainly from nicotinamide adenine dinucleotide (NADH). More 34 
specifically, this is a major obstacle when measuring the mitochondrial [Ca2+] quantitatively using 35 
fura-2 analogs because the majority of NADH is in the mitochondria. If the fluorescent dye 36 
concentration is the same, a certain excitation intensity should produce the same emission 37 
intensity. Therefore, the emission intensity ratio of two different excitation wavelengths should 38 
be constant. Based on this principle, a novel online correction method of NADH signal 39 
interference to measure [Ca2+] was developed, and the real signal intensity of NADH and fura-2 40 
can be obtained. Further, a novel equation to calculate [Ca2+] was developed with isosbestic 41 
excitation or excitation at 400 nm. With this method, changes in mitochondrial [Ca2+] could be 42 
successfully measured. In addition, with a different set of the excitation and emission 43 
wavelengths, multiple parameters, including NADH, [Ca2+], and pH or mitochondrial membrane 44 
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potential (Ψm), could be simultaneously measured. Mitochondrial [Ca2+] and Ψm or pH were 45 
measured using fura-2-FF and tetramethylrhodamine ethyl ester (TMRE) or carboxy-46 
seminaphtorhodafluor-1 (carboxy-SNARF-1). 47 
 48 
INTRODUCTION:  49 
The significant role of intracellular Ca2+ is widely known1. The quantification of [Ca2+] is essential 50 
to understand the processes of the cellular physiological functions. Fura-2 analogs are quite 51 
useful because they are excited in the UV range (<400 nm), and the ratiometric method can be 52 
applied for the quantitative measurement. Therefore, other physiological parameters such as pH, 53 
membrane potential, etc., can be measured with other fluorescent dyes. The mitochondrial Ca2+ 54 
concentration ([Ca2+]m) range was reportedly 0.08−20 μM2-5. Among fura-2 analogs, fura-2-FF is 55 
appropriate for measuring this range of [Ca2+]. However, the live cells unfortunately contain 56 
NADH/NADPH for their metabolic processes, and NADH generates signal interference because of 57 
the overlapping excitation and emission spectra with the fura-2 analog. This interference greatly 58 
limits the use of fura-2 analogs. Specifically, if the analog is applied to measure mitochondrial 59 
[Ca2+], this interference is the biggest obstacle because the highest amount of NADH is in the 60 
mitochondria. This is further complicated by NADH changes being related to the mitochondrial 61 
membrane potential (Ψm) and the change of Ψm affects [Ca2+]m

6-9. Furthermore, for studying 62 
[Ca2+]m dynamics, it is essential to know the status of other mitochondrial parameters, such as 63 
NADH, Ψm, and pH.  64 
 65 
The emissions at 450 nm and 500 nm with excitations at 353 nm, 361 nm, and 400 nm contain 66 
the signals from NADH and fura-2-FF, and the equations are as follows. Herein, 353 nm and 361 67 
nm are the isosbestic points of fura-2-FF for emissions at 450 nm and at 500 nm, respectively. 68 
 69 
F361,450 = F361,450,NADH + F361,450,Fura   Equation 1 70 
F353,500 = F353,500,NADH + F353,500,Fura   Equation 2 71 
F400,500 = F400,500,NADH + F400,500,Fura   Equation 3 72 
 73 
where Fx,y is the measured emission intensity at y-nm by x-nm excitation, Fx,y,NADH represents the 74 
pure NADH-dependent emission intensity, and Fx,y,Fura represents the pure fura-2-FF-dependent 75 
emission intensity. Under the same concentration of the fluorescent dye, a certain excitation 76 
intensity should produce the same emission intensity. Therefore, the emission intensity ratio of 77 
two different excitation wavelengths should be constant. Ca2+ and fura-2 did not affect NADH 78 
fluorescence characteristics; therefore, the ratio of the emission at 450 nm and at 500 nm of 79 
NADH was constant at any excitation wavelength. The same rule can be used for fura-2-FF based 80 
on the assumption that NADH or [Ca2+] does not affect the emission and excitation spectra of 81 
fura-2-FF. However, Ca2+ caused a spectral shift of the fura-2-FF emission. Therefore, to remove 82 
the effect of Ca2+, isosbestic excitation, which is independent of Ca2+, needs to be used. Each 83 
emission wavelength (i.e., 450 nm and 500 nm) has a different isosbestic point, and from our 84 
experimental setup, 353 nm at 500 nm and 361 nm at 450 nm were chosen. From these, the 85 
following equations are valid10. 86 
 87 
Rf = F361,450,Fura/F353,500,Fura    Equation 4 88 



  

RN1 = F400,500,NADH/F361,450,NADH    Equation 5 89 
RN2 = F353,500,NADH/F361,450,NADH    Equation 6 90 
 91 
With these constants, the following equations from (Equation 1) (Equation 2), and (Equation 3) 92 
are valid. 93 
 94 
F361,450 = F361,450,NADH + Rf × F353,500,Fura   Equation 7 95 
F353,450 = RN2 × F361,450,NADH + F353,500,Fura  Equation 8 96 
F400,500 = RN1 × F361,450,NADH + F400,500,Fura  Equation 9 97 
 98 
From these equations, if Rf, RN1, and RN2 are known, pure signals of NADH and fura-2 can be 99 
obtained as follows. 100 
 101 
F361,450,NADH = (F361,450 - Rf × F353,500)/(1 − Rf × RN2)  Equation 10 102 
F353,500,Fura = (RN2 × F361,450 − F353,500)/(Rf × RN2 − 1)  Equation 11 103 
F400,500,Fura = F400,500 − RN1 × F361,450,NADH   Equation 12 104 
RFura = F353,500,Fura/F400,500,Fura     Equation 13 105 
 106 
The Ca2+-bound form of fura-2-FF was practically non-fluorescent at the 400 nm excitation 107 
wavelength. Based on this property, the following new calibration equation can be derived. 108 
 109 
[Ca2+] = Kd ∙ (F400,500,max/F353,500,max) × (RFura − Rmin) Equation 14 110 
 111 
where Kd is a dissociation constant, F400,500,max and F353,500,max are the maximum values of the 112 
emitted signals at 500 nm with excitations at 400 nm and 353 nm, respectively, and Rmin is the 113 
minimum RFura in Ca2+-free condition. Since the isosbestic excitations were used, the equation 114 
can be simplified further as follows. 115 
 116 
[Ca2+] = Kd ∙ (1 / Rmin) ∙ (RFura − Rmin)   Equation 15 117 
 118 
Therefore, only Kd and Rmin values are required to calculate [Ca2+]. 119 
 120 
PROTOCOL:  121 
 122 
All experimental protocols were approved by the local institutional animal care and use 123 
committee. 124 
 125 
1. Solution preparation 126 
 127 
1.1. Prepare single freshly isolated cardiac myocytes11.  128 
 129 
NOTE: Each laboratory might have a different cell storage solution. Here, the myocytes are stored 130 
in culture medium (DMEM). 131 
 132 



  

1.2. Prepare 100 mL of Ca2+-free solution (Table 1). 133 
 134 
1.3. Prepare 50 mL of culture medium in a 50 mL beaker. Aliquot 5 mL and put it in a water bath 135 
at 37 °C. Keep the remaining solution at room temperature. 136 
 137 
1.4. Prepare 50 mL of the saponin solution by adding 5 mg of saponin to 50 mL of Ca2+-free 138 
solution. 139 
 140 
NOTE: Saponin is used to permeabilize cardiac myocytes, to remove cytosolic compartments, and 141 
to visualize the mitochondrial fluorescence only. 142 
 143 
1.5. Prepare 16 μL of 1 mM fura-2-FF-AM dissolved in dimethyl sulfoxide (DMSO).  144 
 145 
NOTE: Make 1 mM stock solution of fura-2-FF-AM dissolved in DMSO and aliquot 16 μL in a 2 mL 146 
tube. Store them at -20 °C until use. 147 
 148 
1.6. Prepare 50 mL of NADH-free Ca2+-free solution (Table 1) and 50 mL of NADH-free Ca2+-149 
saturated solution (Table 1) when isosbestic points are to be measured. Adjust pH to 7.0 with 150 
KOH.  151 
 152 
NOTE: NADH-free Ca2+-free solution (Table 1) contains 10 µM FCCP and 100 µM ADP without any 153 
mitochondrial substrates to minimize NADH in mitochondria. 154 
 155 
1.7. Prepare 50 mL of Ca2+-free solution, 50 mL of malate solution, 50 mL of pyruvate solution, 156 
50 mL of malate-pyruvate solution, and 50 mL of rotenone solution to be used for NADH 157 
correction factor measurements (Table 1). 158 
 159 
2. Fluoroprobe loading procedure into the mitochondria 160 
 161 
2.1. Prepare the dye-loading solution by adding 2 mL of the culture medium to 16 µL of 1 mM 162 
fura-2-FF-AM. 163 
 164 
NOTE: Fluorescent dye is fragile under the light. Prepare the solution just before use. Keep the 165 
solution containing the fluorescent dye in a dark place. The final concentration of fura-2-FF-AM 166 
is 8 µM. If carboxy-SNARF-1 was used, prepare the dye loading solution with 2 µM carboxy-167 
SNARF-1-AM. 168 
 169 
2.2. Take 2 mL of the isolated cells and place in a 5 mL test tube in an upright position. 170 
 171 
2.3. Wait 15 min for myocytes to sink to the bottom and remove the supernatant.  172 
 173 
NOTE: The supernatant may contain cell debris. Do not centrifuge the tube to avoid cell damage. 174 
 175 
2.4. Add 2 mL of the dye-loading solution.  176 



  

 177 
2.5. Incubate the dye-loading solution with cells for 60 min at 4 °C. 178 
 179 
2.6. Then, put the test tube in a 37 °C water bath for 30 min in an upright position.  180 
 181 
2.7. Remove the supernatant, and add 4 mL of the prewarmed culture medium of 37 °C. Incubate 182 
the cells for 60 min in a 37 °C water bath. 183 
 184 
2.8. Finally, remove the supernatant, add 4 mL of culture medium at room temperature and keep 185 
the tube at room temperature. 186 
 187 
3. Introduction of the multiparametric measurement system 188 
 189 
NOTE: Figure 1 shows a diagram of the whole system. 190 
 191 
3.1. For an excitation light source, use a fast monochromator (polychrome II) that can change the 192 
light within 3 ms. 193 
 194 
3.2. Use an oil immersion lens (40x, NA 1.3) with an inverted microscope to increase the signal 195 
intensity. 196 
  197 
3.3. Use a near-infrared filter and a charge-coupled device (CCD) camera to monitor the object 198 
field without fluorescent signal interference. 199 
  200 
3.4. Capture the object field image to get the area.  201 
 202 
3.5. Adjust the object field in monitor screen with a field diaphragm just to show the cell for 203 
reducing the background.  204 
  205 
3.6. Use four photomultiplier tubes with each band-pass filter (450, 500, 590, and 640 nm) to 206 
detect emission wavelengths with photon counting method. Use the appropriate dichroic mirrors 207 
to split and to redirect the emission light.  208 
 209 
NOTE: The excitation light is very strong compared to the emission light. Thus, choose the band-210 
pass filter with the highest blocking characteristics to reduce the background. A photon counting 211 
system comprises a combination of PMTs, photon counter units, and a high-speed counter. To 212 
control the system and to sample the data, a custom-made driving software was used. Finding a 213 
way to apply this method with other systems is necessary. 214 
 215 
4. NADH correction methods with a multiparametric measurement system  216 
 217 
4.1. The background signal detection and the correction methods with the cell area 218 
 219 
NOTE: There are two kinds of backgrounds. One comes from the cells and the other comes from 220 



  

the reflection on the cover slip (the cell-free background). Both backgrounds need to be 221 
corrected in each experiment. 222 
 223 
4.1.1. Mount the dye-free cells in the bath on the microscope and wait 3 min for cells to sink to 224 
the bottom. Perfuse NADH-free Ca2+-free solution for around 5 min. 225 
 226 
NOTE: The perfusion rate of all solutions is 2-3 mL/min at 37 °C. Adjust cell numbers to see around 227 
one cell per one objective field with a 40x objective lens. 228 
 229 
4.1.2. Set the object field to cover the targeted cell. 230 
 231 
4.1.3. After moving the cell out of the field, measure the background signals of the cell-free 232 
window and set them as offsets.  233 
 234 
NOTE: The signal means the light signal to be detected in the photon counting system. 235 
 236 
4.1.4. Return the cell to the initial position and measure the cell background signals and the cell 237 
area.  238 
 239 
NOTE: Even though the excitation light is filtered with the bandpass filter, it still contains a large 240 
amount of the filtered light. This light is dispersed when hitting the cells and causes considerable 241 
background signals because the photon counting system is highly sensitive. It needs to be 242 
corrected. The cell area may be calculated with a captured cell image and available imaging 243 
software. The unit of the cell area can be any unit including pixel count. Only standardization is 244 
necessary. 245 
 246 
4.1.5. Repeat steps 4.1.1 to 4.1.4 10 times to obtain the relationship between the cell area and 247 
the cell background signals.  248 
 249 
NOTE: Later, the cell background signals can be calculated from the cell area from the relationship. 250 
Since the excitation light bulb ages, this procedure needs to be repeated, at least, every month. 251 
 252 
4.2. Identification of the isosbestic points of fura-2-FF in situ 253 
 254 
NOTE: Many reports have stated that fluorescent characteristics are changed in cells. Therefore, 255 
perform all procedures to obtain the parameters to correct the interference in situ.  256 
 257 
4.2.1. Mount the dye-loaded cell on the microscope and wait 3 min for cells to sink to the bottom.  258 
 259 
NOTE: Adjust cell numbers to see around one cell per one objective field with a 40x objective 260 
lens. 261 
 262 
4.2.2. Perfuse the NADH-free Ca2+-free solution at 37 °C. 263 
 264 



  

4.2.3. After targeting the cell, measure the cell-free background and the cell area as shown in 265 
section 4.1. Calculate the cell background from the cell area. 266 
 267 
NOTE: Both background signals need to be corrected in each experiment.  268 
 269 
4.2.4. Perfuse the saponin solution for 60 s and return to the NADH-free Ca2+-free solution. 270 
 271 
4.2.5. Measure fura-2-FF-emitted signals at 450 nm and 500 nm simultaneously by the excitation 272 
scan from 350 nm to 365 nm with a 0.1 nm step. 273 
 274 
4.2.6. Perfuse the NADH-free Ca2+-saturated solution and repeat step 4.2.5. 275 
 276 
4.2.7. Subtract the signals in the Ca2+-saturated solution from the signals in the Ca2+-free 277 
conditions. 278 
 279 
4.2.8. Repeat steps 4.2.2 to 4.2.7 with other single cardiac myocytes. 280 
 281 
NOTE: If the signal intensity become weaker, repeat from step 4.2.1. Repeat the procedure for, 282 
at least, 5 different cells. 283 
 284 
4.2.9. From all obtained signals, calculate the standard deviations of the emission at 285 
each excitation and choose the excitation wavelength, showing the minimum standard 286 
deviation (SD) value as an isosbestic point. 287 
 288 
NOTE: The representative figures are shown in Figure 2. 289 
 290 
4.3. Measurement of R factors 291 
 292 
4.3.1. Calculate Rf with equation 4 from the signals obtained in section 4.2. 293 
 294 
4.3.2. Mount the dye-free cells on the microscope and perfuse the Ca2+-free solution. 295 
 296 
4.3.3. Measure the signals such as F361, 450, NADH, F400, 500, NADH, F361, 450, NADH, and F353, 500, NADH.  297 
 298 
4.3.4. Perfuse the malate solution. Repeat step 4.3.3 and measure the signals. 299 
 300 
4.3.5. Perfuse the pyruvate solution. Repeat step 4.3.3 and measure the signals. 301 
 302 
4.3.6. Perfuse the malate-pyruvate solution. Repeat step 4.3.3 and measure the signals. 303 
 304 
4.3.7. Perfuse the rotenone solution. Repeat step 4.3.3 and measure the signals. 305 
 306 
NOTE: The example of the NADH signal recorded on 5 mM pyruvate, 5 mM malate plus 5 mM 307 
pyruvate, and 10 µM rotenone addition is shown in Figure 3. 308 



  

 309 
4.3.8. Calculate each slope of F361, 450, NADH vs. F400, 500, NADH and F361, 450, NADH vs. F353, 500, NADH. As 310 
shown in Figure 3. Each slope indicates RN1 and RN2. 311 
 312 
5. Selection of the excitation and the emission light for TMRE or carboxy-SNARF-1 313 
 314 
5.1. If TMRE for measuring the mitochondrial potential was used in addition, use the 530 nm 315 
excitation wavelength and the 590 nm emission wavelength.  316 
 317 
5.2. If carboxy-SNARF-1 for measuring the mitochondrial potential was used in addition, use the 318 
excitation wavelength of 540 nm and emission wavelengths of 590 nm and 640 nm12. 319 
 320 
6. Selection of Kd value of fura-2-FF 321 
 322 
6.1. The change of pH can affect Kd values for Ca2+ binding on fura-2-FF10. Use the Kd value of 5.28 323 
at pH 7.5 for the mitochondria. 324 
 325 
REPRESENTATIVE RESULTS:  326 
Mitochondrial Ca2+ changes due to correction10 327 
Figure 4 shows the changes in [Ca2+]m before and after the correction. The results clearly showed 328 
the substantial changes in [Ca2+]m. The mitochondrial resting calcium concentration without 329 
cytosolic Ca2+ ([Ca2+]c) was 1.03 ± 0.13 µM (mean ± S.E., n = 32), and the maximum [Ca2+]m at 1-330 
µM [Ca2+]c was 29.6 ± 1.61 µM (mean ± S.E., n = 33) (Figure 5). 331 
 332 
Simultaneous measurement of NADH, [Ca2+], and Ψm

10 333 
A positively charged TMRE can be distributed in a membrane potential-dependent manner. 334 
Membrane potential can be calculated using the Nernst’s equation with the concentration in 335 
each compartment. The mitochondrial TMRA was monitored with the perfusion of 2-nM TMRE. 336 
The initial Ψm was assumed to be −150 mV, and the change of Ψm was calculated based on that. 337 
The application of Ca2+ decreased NADH but affected Ψm only negligibly (Figure 6). 338 
 339 
Mitochondrial pH changes by the change in [Ca2+]m10 340 
The mitochondrial pH with the additional loading of carboxy-SNARF-1 was monitored following 341 
Ca2+ changes (Figure 7). The mitochondrial pH was not affected by the increase in [Ca2+]m. The 342 
resting mitochondrial pH was 7.504 ± 0.047 (mean ± S.E., n = 13). From these results, 5.28 µM 343 
was the chosen Kd value of fura-2-FF at pH 7.5. 344 
 345 
FIGURE & TABLE LEGENDS:  346 
 347 
Figure 1: A microfluorometry system for multiparametric measurement 348 
The schematic diagram of the microfluorometry system was shown. The mounted cells were 349 
visualized via a CCD camera. Four different emission lights were detected with four PMTs via a 350 
photon counting system. This figure has been reproduced with permission from The Korean 351 
Journal of Physiology & Pharmacology10. 352 



  

 353 
Figure 2: Identification of isosbestic points 354 
(A) The red arrow points to the isosbestic point at the 450 nm emission wavelength. Fura-2 FF in 355 
the non-bound state is shown with a dotted line and in the Ca2+ bound state with a solid line. (B) 356 
The red arrow is pointed to the isosbestic point at the 500 nm emission wavelength. (C) The 357 
subtracted data of the signal at 450 nm in Ca2+-free conditions from Ca2+-free saturated 358 
conditions are shown. (D) The subtracted data of the signal at 500 nm in Ca2+-free conditions 359 
from Ca2+-free saturated conditions are shown. (E) Standard deviation data from graph C are 360 
shown. (F) Standard deviation data from graph D are shown. This figure has been reproduced 361 
with permission from The Korean Journal of Physiology & Pharmacology10. 362 
 363 
Figure 3: Measurement of RN factors. 364 
(A) Changes in the NADH signal without fluorescent dye by applying various mitochondrial 365 
substrates were measured at 361 nm excitation and 450 nm emission wavelengths. (B) The NADH 366 
interference in the fura-2-FF signals, F400,500 (∙∙∙) and F353,500 (—), were simultaneously monitored. 367 
(C) The relationships between F361,450,NADH and F400,500,NADH (○)and between F361,450,NADH and 368 
F353,500,NADH (●) are shown. The obtained slopes are represented as RN1 and RN2, respectively. This 369 
figure has been reproduced with permission from The Korean Journal of Physiology & 370 
Pharmacology10. 371 
 372 
Figure 4: Results of NADH and fura-2-FF interference correction 373 
The change of the signals from before the correction (shown in the left panels) to after the 374 
correction (shown in the right panels). (A) NADH signals at the 450 nm emission wavelength. (B) 375 
Fura-2-FF signals at the 500 nm emission wavelength. The figure shows F400,500 (− −), F353,500 (----), 376 
and the ratio of fura-2-FF (—). (C) The mitochondrial calcium concentration. The red dotted line 377 
indicates the zero. This figure has been reproduced with permission from The Korean Journal of 378 
Physiology & Pharmacology10. 379 
 380 
Figure 5: Resting [Ca2+]m without cytosolic Ca2+ and maximal steady state [Ca2+]m at 1 µM 381 
cytosolic Ca2+ 382 
Mitochondria were energized with the perfusion of malate-pyruvate solution. The steady state 383 
[Ca2+]m in a Ca2+-free conditions and in 1 µM Ca2+ conditions were shown. The addition of 5 mM 384 
Na+ recovered NADH and reduced [Ca2+]m to the baseline. This figure has been reproduced with 385 
permission from The Korean Journal of Physiology & Pharmacology10. 386 
 387 
Figure 6: Simultaneous measurement of NADH, [Ca2+]m, and Ψm 388 
Mitochondria were energized with the perfusion of malate-pyruvate solution. The changes of 389 
NAHD, [Ca2+]m and Ψm were shown. The addition of 1 µM Ca2+ decreased NAHD and increased 390 
[Ca2+]m but Ψm was not changed significantly. This figure has been reproduced with permission 391 
from The Korean Journal of Physiology & Pharmacology10. 392 
 393 
Figure 7: Simultaneous measurement of NADH, [Ca2+]m, and pH 394 
The repeated application of Ca2+ could induce the decrease of NADH and the increase of [Ca2+]m 395 
but the mitochondrial pH was not affected by the application of Ca2+. The addition of Na+ could 396 



  

return the NADH and [Ca2+]m to the baseline. This figure has been reproduced with permission 397 
from The Korean Journal of Physiology & Pharmacology10. 398 
 399 
Table 1: Solutions 400 
 401 
DISCUSSION:  402 
The interference correction method was successfully developed for measuring the signals of 403 
NADH and fura-2 analogs. Exact measurement of the signals is essential for exact correction. 404 
However, the inherent nature of the fluorescent device produces a background signal unrelated 405 
to that of NADH of fura-2. The highest quality band-pass filter can only pass up to 10−8 of the 406 
unwanted wavelengths of the light. However, the fluorescent signal from a single cell is very small, 407 
and the reflection of the excitation light after the band-pass filter is still strong enough to 408 
contaminate the actual fluorescent signals. Therefore, careful correction of the background 409 
signal is necessary. 410 
 411 
Fura-2 has a loading problem to measure mitochondrial Ca2+. First, it is not easy to load the dye 412 
specifically into the mitochondria, and nonspecific loading into another organelle could be 413 
erroneous. Mitochondrial Ca2+ concentration is generally higher than that of the cytosol, and the 414 
use of fura-2-FF with a high Kd value could avoid the contamination of cytosolic Ca2+ changes. The 415 
other problematic organelle is the sarcoplasmic reticulum (SR). However, the distribution volume 416 
differences (SR 3.5% vs. mitochondria 34%−36% in rat ventricular myocytes)13,14 and the removal 417 
of ATP in experiments could compensate for the contamination from SR. 418 
 419 
Our calibration equation (Equation 14 and 15) has many advantageous characteristics over 420 
Grynkiewicz’s equation15 as follows: 421 

1) It requires only three parameters: Kd, F400,500,max/F353,500,max, and Rmin.  422 
2) There is linearity of the ratio value to the Ca2+ concentration at a constant pH.  423 
3) There is a relative error-free parameter in F400,500,max/F353,500,max compared with Sf2/Sb2

15. 424 
4) In Equation 15, only Kd and Rmin are required if isosbestic excitation is used. 425 
5) The calibration procedure to obtain the parameter is much simpler with Equation 15. 426 

 427 
However, there is a limitation because Ca2+-saturated fura-2-FF generates a very small emission. 428 
It causes an error. The new equation can be applied to [Ca2+] concentrations up to 50x that of Kd. 429 
 430 
In conclusion, a protocol was developed to successfully solve the existing problem of NADH and 431 
fura-2-FF interference. This method can measure Ca2+ dynamics more accurately. 432 
Multiparametric measurement system, particularly in the mitochondria, will help understand the 433 
mitochondrial physiology in a quantitative way. 434 
 435 
ACKNOWLEDGMENTS:  436 
This work was partially supported by Basic Science Research Program through the National 437 
Research Foundation of Korea (NRF) funded by the Ministry of Education 438 
(2018R1A6A3A01011832), by the Ministry of Science, ICT & Future Planning 439 
(2014M3A9D7034366) and by the Ministry of Trade, Industry & Energy (10068076). 440 



  

 441 
DISCLOSURES:  442 
The authors have no conflicts of interest to disclose. 443 
 444 
REFERENCES:  445 
1.  Berridge, M. J., Bootman, M. D., Roderick, H. L. Calcium signalling: dynamics, homeostasis 446 
and remodelling. Nature Reviews Molecular Cell Biology. 4 (7), 517-529 (2003). 447 
2 Miyata, H. et al. Measurement of mitochondrial free Ca2+ concentration in living single rat 448 
cardiac myocytes. American Journal of Physiology. 261 (4 Pt 2), H1123-1134 (1991). 449 
3 Allen, S. P., Stone, D., McCormack, J. G. The loading of fura-2 into mitochondria in the 450 
intact perfused rat heart and its use to estimate matrix Ca2+ under various conditions. Journal of 451 
Molecular Cellular Cardiology. 24 (7), 765-773 (1992). 452 
4 Griffiths, E. J., Halestrap, A. P. Pyrophosphate metabolism in the perfused heart and 453 
isolated heart mitochondria and its role in regulation of mitochondrial function by calcium. 454 
Biochemical Journal. 290 ( Pt 2), 489-495 (1993). 455 
5 Crompton, M., Moser, R., Ludi, H., Carafoli, E. The interrelations between the transport 456 
of sodium and calcium in mitochondria of various mammalian tissues. European Journal of 457 
Biochemistry. 82 (1), 25-31 (1978). 458 
6 Chance, B., Schoener, B., Oshino, R., Itshak, F., Nakase, Y. Oxidation-reduction ratio 459 
studies of mitochondria in freeze-trapped samples. NADH and flavoprotein fluorescence signals. 460 
The Journal of Biological Chemistry. 254 (11), 4764-4771 (1979). 461 
7 Eng, J., Lynch, R. M., Balaban, R. S. Nicotinamide adenine dinucleotide fluorescence 462 
spectroscopy and imaging of isolated cardiac myocytes. Biophysical Journal. 55 (4), 621-630 463 
(1989). 464 
8 Brandes, R., Bers, D. M. Simultaneous measurements of mitochondrial NADH and Ca(2+) 465 
during increased work in intact rat heart trabeculae. Biophysical Journal. 83 (2), 587-604 (2002). 466 
9 Jo, H., Noma, A., Matsuoka, S. Calcium-mediated coupling between mitochondrial 467 
substrate dehydrogenation and cardiac workload in single guinea-pig ventricular myocytes. 468 
Journal of Molecular Cellular Cardiology. 40 (3), 394-404 (2006). 469 
10 Lee, J. H., Ha, J. M., Leem, C. H. A Novel Nicotinamide Adenine Dinucleotide Correction 470 
Method for Mitochondrial Ca2+ Measurement with FURA-2-FF in Single Permeabilized Ventricular 471 
Myocytes of Rat. Korean Journal of Physiology and Pharmacology. 19 (4), 373-382 (2015). 472 
11 Powell, T., Terrar, D. A., Twist, V. W. Electrical properties of individual cells isolated from 473 
adult rat ventricular myocardium. Journal of Physiology. 302, 131-153 (1980). 474 
12 Sun, B., Leem, C. H., Vaughan-Jones, R. D. Novel chloride-dependent acid loader in the 475 
guinea-pig ventricular myocyte: part of a dual acid-loading mechanism. Journal of Physiology. 495 476 
( Pt 1), 65-82 (1996). 477 
13 Page, E. Quantitative ultrastructural analysis in cardiac membrane physiology. American 478 
Journal of Physiology. 235 (5), C147-158 (1978). 479 
14 Page, E., McCallister, L. P., Power, B. Sterological measurements of cardiac ultrastructures 480 
implicated in excitation-contraction coupling. Proceedings of the National Academy of Sciences 481 
of the United States of America. 68 (7), 1465-1466 (1971). 482 
15 Grynkiewicz, G., Poenie, M., Tsien, R. Y. A new generation of Ca2+ indicators with greatly 483 
improved fluorescence properties. The Journal of Biological Chemistry. 260 (6), 3440-3450 484 



  

(1985). 485 
 486 



Photon Counting Unit

AD/DA converter
Camera

Fast Scan 
Monochromator

Dual band 
dichroic 

Filter

Dual band 
dichroic 

Filter

Hot Mirror

Microscope

Filter Box

Infrared

IR Filter

PMT 1

PMT 2

PMT 3

PMT 4

Objective 
Lens

myocyte
Bath

Figure1 Click here to access/download;Figure;Figure1.pdf

https://www.editorialmanager.com/jove/download.aspx?id=1056444&guid=55fabd4e-6f20-4946-9429-976e7ab07493&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1056444&guid=55fabd4e-6f20-4946-9429-976e7ab07493&scheme=1


348 352 356 360 364 368
-0.02

-0.01

0.00

0.01

0.02

348 352 356 360 364 368
-0.02

0.00

0.02

0.04

0.06

320 340 360 380 400 420
0

4

8

12

F
lu

o
re

s
c
e
n

c
e

  
in

te
n

s
it
y

Wavelength (nm)

320 340 360 380 400 420
0

4

8

12

Wavelength (nm)

F
lu

o
re

s
c
e
n

c
e

  
in

te
n

s
it
y

A.

B.

D
e

v
ia

ti
o

n
 v

a
lu

e
(X

1
0

-3
)

352 356 360 364 368

0

2

4

6

Wavelength (nm)

D
e

v
ia

ti
o

n
 v

a
lu

e
(X

1
0

-3
)

352 356 360 364 368

2

6

10

14

18

Wavelength (nm)

S
u

b
tr

a
c
ti
o

n
 V

a
lu

e
Wavelength (nm)

Wavelength (nm)

S
u

b
tr

a
c
ti
o

n
 V

a
lu

e

C.

D.

E.

F.

Figure2 Click here to access/download;Figure;figure2_190522_v2.pdf

https://www.editorialmanager.com/jove/download.aspx?id=1056447&guid=9a3a852b-a6e2-421b-ac94-9f4969d78f1d&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1056447&guid=9a3a852b-a6e2-421b-ac94-9f4969d78f1d&scheme=1


0

8

16

0 200 400 600 800 1000

0

3

6

0 2 4 6 8 10 12 14 16

0

3

6

In
te

ns
ity

 (E
m

45
0,

 x
10

3 )

Time( s)

In
te

ns
ity

(E
m

50
0,

x1
03

)
rotenone

pyruvate 

malate

Intensity (Em 450, x103) 
In

te
ns

ity
 (E

m
50

0,
 x

10
3 )

A.

B.

C.

Figure3 Click here to access/download;Figure;figure3_190522.pdf

https://www.editorialmanager.com/jove/download.aspx?id=1056446&guid=cd545e13-59ca-4c71-96e5-b34f3663718e&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1056446&guid=cd545e13-59ca-4c71-96e5-b34f3663718e&scheme=1


Time (s, x102)

0

4

8

12

16

0

4

8

12

16

0 1 2 3 4 5

0

10

20

30

0 1 2 3 4 5

Before After

N
AD

H
 (x

10
3 )

In
te

ns
ity

(E
m

50
0n

m
, 1

03
)

[C
a2

+ ] m
(

M
)

N
AD

H
 (x

10
3 )

In
te

ns
ity

(E
m

50
0n

m
, 1

03
)

[C
a2

+ ] m
(

M
)

Time (s, x102)

0

4

8

12

16

0

4

8

12

16

0

10

20

30

A.

B.

C.
Ca2+ 0.5 μM Ca2+ 0.5 μM

Figure4 Click here to access/download;Figure;figure4_190522.pdf

https://www.editorialmanager.com/jove/download.aspx?id=1056448&guid=ec59a4de-9ec5-4f9a-a332-14dce2d6d553&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1056448&guid=ec59a4de-9ec5-4f9a-a332-14dce2d6d553&scheme=1


0

10

20

30

40

Resting [Ca2+]m Maximal [Ca2+]m

[C
a2

+ ] m
(

M
)

Figure5 Click here to access/download;Figure;Figure5.pdf

https://www.editorialmanager.com/jove/download.aspx?id=1056445&guid=fe7318c9-547e-439c-8b37-3d4d63603f79&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1056445&guid=fe7318c9-547e-439c-8b37-3d4d63603f79&scheme=1


0

2

4

6

8

10

0

10

20

30

-200

-160

-120

-80

Ca2+ 1 μM
Na+ 5 mM

1 min

Ψ
m

[C
a2

+ ] m
(

M
)

N
AD

H
(x

10
3 )

Figure6 Click here to access/download;Figure;figure6_190522.pdf

https://www.editorialmanager.com/jove/download.aspx?id=1056449&guid=f5192591-e87f-433d-8209-c25d637917f2&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1056449&guid=f5192591-e87f-433d-8209-c25d637917f2&scheme=1


1

2

3

4

5

6

0

10

20

30

40

6.5

7.0

7.5

8.0

8.5

N
A

D
H

 (
x
1

0
3
)

[C
a

2
+
] m

(m
M

)
p

H
m

Ca2+ 1 mM Ca2+ 1 mM Ca2+ 1 mM

1 min

Na+ 5 mMNa+ 5 mMNa+ 5 mM

Figure7 Click here to access/download;Figure;figure_7_190604.pdf

https://www.editorialmanager.com/jove/download.aspx?id=1056391&guid=2290aacc-61d6-4741-87e0-ced88f5a4996&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1056391&guid=2290aacc-61d6-4741-87e0-ced88f5a4996&scheme=1


KCl HEPES EGTA CaCl2 M P R FCCP ADP Saponin

Ca2+-free 150 10 1

NADH-free

Ca
2+

-free

NADH-free

Ca2+-Saturated

Saponin 150 10 1 0.1mg/ml

Malate 145 10 1 5

Pyruvate 145 10 1 5

Malate-pyruvate 140 10 1 5 5

Rotenone 140 10 1 5 5 0.01

Culture Medium

Dye-loading 

Dulbecco’s Modified Eagle’s Medium (DMEM)

Add an 1mM Fura-2-FF-AM stock(16 mL) in the Culture medium (2 mL)

135 10 1 0.01 0.1

Name of Solutions

Concentration (mM)

150 10 1 0.01 0.1
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Name of Material/ Equipment Company Catalog Number Comments/Description

2 mL eppendorf tube.

Axygen MCT-200-C 2 mL Tube

AD/DA converter Instrutech ITC-18 Equipment

ADP, Adenosine 5′-diphosphate

monopotassium salt dihydrate
Sigma-aldrich A5285 Chemicals

Band pass filter Ealing Electro-Optics, Inc 35-3920 Equipment, 640±11nm

Band pass filter Omega Optical 690-9823 Equipment, 590±15nm

Band pass filter Omega Optical 500DF20-9916 Equipment, 500±20nm

Band pass filter Chroma Technology Corp. 60685 Equipment, 450±30nm

Calcium chloride solution Sigma-aldrich 21114 Chemicals

carboxy-SNARF-1(AM) Invitrogen C1272 Chemicals

Charge-coupled device (CCD) camera Philips FTM1800NH/HGI Equipment

Dichroic mirror Chroma Technology Corp. 86009
Equipment, Multiband dichroic mirror, Reflection : <400nm, 

490±10, 560±10, Transmission : 460±15, 510±20, >580nm

Dichroic mirror Chroma Technology Corp. 567DCXRU Equipment, Reflection : <560nm, Transmission : > 580 nm

Dichroic mirror Chroma Technology Corp. 480dclp Equipment, Reflection : <470nm, Transmission : > 490 nm

Dichroic mirror Chroma Technology Corp. 20728
Equipment, Multiband dichroic mirror, Reflection : <405nm, 

470±30, Transmission : 430nm~520nm, > 640 nm

Dimethyl sulfoxide(DMSO) Sigma-aldrich 154938 Chemicals

DMEM, Dulbecco’s Modified Eagle’s

Medium
Sigma-aldrich D5030 Chemicals

EGTA, Egtazic acid, Ethylene-

bis(oxyethylenenitrilo)tetraacetic acid,

Glycol ether diamine tetraacetic acid

Sigma-aldrich E4378 Chemicals

FCCP, Mesoxalonitrile 4-

trifluoromethoxyphenylhydrazone
Sigma-aldrich 21857 Chemicals

field diaphragm Nikon 86506 Equipment

Fura-2-FF(AM) TEFLABS 137 chemicals

Green tube DWM test tube

HEPES, 4-(2-Hydroxyethyl)piperazine-1-

ethanesulfonic acid, N-(2-

Hydroxyethyl)piperazine-N′-(2-

ethanesulfonic acid)

Sigma-aldrich H3375 Chemicals

High-speed counter National Instruments NI-6022 Equipment

Hot mirror Chroma Technology Corp. 21002 Equipment, 50:50

Inverted microscope Nikon TE-300 Equipment

Malate Sigma-aldrich 27606 Chemicals

Near infrared filter Chroma Technology Corp. D750/100X Equipment, 750±100nm

Oil immersion lens Nikon MRF01400 40x, NA 1.3; Equipment

Photon counter unit Hamamatsu C3866 Equipment

Photon multiplier tube Hamamatsu R2949 Equipment

Polychrome II Till Photonics SA3/MG04 Equipment

Potassium chloride Merck 1.04936 Chemicals

Potassium hydroxide solution Sigma-aldrich P4494 Chemicals

Pyruvate Sigma-aldrich 107360 Chemicals

Rotenone Sigma-aldrich R8875 Chemicals

Saponin Sigma-aldrich S4521 Chemicals

TMRE, Tetramethylrhodamine, ethyl

ester 
Molecular probes T669 Chemicals
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Editorial comments 
 

The significant role of intracellular Ca2+ is widely known and does not need to be 
explained in detail. 

 
I change as follows and add a reference. 
The significant role of intracellular Ca2+ is widely known 

Steps 1-2 of the protocol can be removed entirely to focus the manuscript on the dye 
loading and the signal correction. Your suggestion of having a note or one line step is 
sufficient as long as there is a citation. Tables 1 and 2 should remain in the 
manuscript. This is to allow others to find the resources to replicate the steps. If steps 1-
2 remain in the protocol, additional details will be needed however. 

I deleted the previous steps 1 and 2 and changed the preparation of the solution. All 
solution compositions are displayed in the separate table 

As steps 3, 4, and 5 are the most important parts of the protocol and the manuscript, we 
ask that additional details be provided so others can replicate the protocol with high 
fidelity.  

Such as how to detect the signals and how to get the cell area is the area of the device 
and the software. Each lab may have different configuration and different software. I just 
mention the principle to be used. Except the device dependent procedure, I tried to add 
the explanation in detail. 

 
3.1: What does one stock of fura-2-FF-AM mean? 
4.7: Please specify the dichroic mirrors by their characteristics instead of the model 
number. 
5.1.1/5.2.1: How many cells are mounted and at what density? 
Please specify the perfusion rate for all perfusion steps. 

Please provide a short legend for Figures 1, 5, 6, and 7.  

 

I added and changed as your comments. The solution perfusion rate and the temperature 
are clearly mentioned in the procedure at the beginning. Appropriate cell density is 
microscope dependent and therefore, I mentioned it as one cell per one objective field. 

I added the legends in Figure 1, 5, 6, and 7. 
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