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ABSTRACT
The study of labeling selectivity and mechanisms of fluorescent organelle probes in living cells is of 
continuing interest in biomedical sciences. The tetracationic phthalocyanine-like ZnTM2,3PyPz 
photosensitizing dye induces a selective violet fluorescence in mitochondria of living HeLa cells under 
UV excitation that is due to co-localization of the red signal of the dye with NAD(P)H blue 
autofluorescence. Both red and blue signals co-localize with the green emission of the mitochondria 
probe, rhodamine 123. Microscopic observation of mitochondria was improved using image processing 
and analysis methods. High dye concentration and prolonged incubation time were required to achieve 
optimal mitochondrial labeling. ZnTM2,3PyPz is a highly cationic, hydrophilic dye, which makes ready 
entry into living cells unlikely. Redox color changes in solutions of the dye indicate that colorless products 
are formed by reduction. Spectroscopic studies of dye solutions showed that cycles of alkaline titration 
from pH 7 to 8.5 followed by acidification to pH 7 first lower, then restore the 640 nm absorption peak by 
approximately 90%, which can be explained by formation of pseudobases. Both reduction and 
pseudobase formation result in formation of less highly charged and more lipophilic (cell permeant) 
derivatives in equilibrium with the parent dye. Some of these are predicted to be lipophilic and therefore 
membrane-permeant; consequently, low concentrations of such species could be responsible for slow 
uptake and accumulation in mitochondria of living cells. We discuss the wider implications of such 
phenomena for uptake of hydrophilic fluorescent probes into living cells.

KEYWORDS
Fluorescent probes; 
macrocyclic dyes; 
mitochondria; organelles; 
photosensitizers; 
ZnTm2,3pypz

Numerous dyes from different chemical groups are 
widely used for fluorescence labeling of organelles in 
living cells (Cañete et al. 2001; Horobin and Kiernan 
2002; Stockert et al. 2009; Horobin et al. 2015; Stockert 
and Blázquez-Castro 2017). Macrocyclic dyes also are 
currently applied as fluorescent photosensitizers (PS) 
for photodynamic therapy (PDT) for cancer (Stockert 
et al. 2004, 2007; Wang et al. 2021).

Like the well-known staining properties of copper- 
containing phthalocyanine (Pc) dyes (Scott 1980; 
Juarranz and Stockert 1982; Horobin and Kiernan 
2002; Macii et al. 2020; Ali et al. 2022), fluorescent zinc- 
containing dyes such as ZnPc and its derivatives 
(Dummin et al. 1997; Villanueva et al. 1999; Maduray 
et al. 2011; Valli et al. 2019) have been used for PDT. 
Moreover, like the phthalocyanine-like cuprolinic and 
cupromeronic blue dyes (Scott 1980; Tas et al. 1983; 
Juarranz et al. 1987), analogous zinc derivatives have 
been synthesized (Wöhrle et al. 1985; Asadi et al. 2004), 

studied spectroscopically and characterized as useful PS 
(Dupouy et al. 2004; Tempesti et al. 2008; Spesia et al. 
2009). One such compound is zinc(II) 
tetramethyltetrapyridino[2,3-b:2,3’-g2’,3’’-l:2’’,3’’’-q] 
porphyrazinium (ZnTM2,3PyPz) (Figure 1A), which 
has a 1O2 quantum yield of ΦΔ = 0.65 and 
a fluorescence quantum yield of ΦF = 0.29 (Tempesti 
et al. 2008).

When cultured HeLa cells were incubated 
with ZnTM2,3PyPz the cells exhibited selective 
mitochondrial fluorescence, which we describe here. 
Considering the relation of mitochondria to apoptosis, 
reactive oxygen species (ROS) and cell signaling (Brillo 
et al. 2021), the photophysical properties of 
ZnTM2,3PyPz together with its mitochondrial 
localization suggest its possible application in PDT for 
cancer. Consequently, we also consider the question of 
how these hydrophilic cations enter live cells and 
accumulate in mitochondria.
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Material and methods

Human cervix adenocarcinoma ATCC CCL-2 (American 
Type Culture Collection, Manassas, VA) HeLa cells, were 
grown on 22 mm2 coverslips in 35 mm culture dishes 
using complete DMEM culture medium containing 10% 
(v/v) fetal bovine serum, 50 U/ml penicillin, 50 µg/ml 
streptomycin and 1% (v/v) 0.2 M L-glutamine. Cells 
were cultured at 37 °C in a humidified atmosphere with 
5% CO2 and the medium was changed daily.

The cationic dye, ZnTM2,3PyPz, synthesized 
according to Tempesti et al. (2008), was a gift from 
Dr. Tempesti. The dye was dissolved 0.5 mg/ml in 
phosphate buffered saline (PBS), then diluted with 
complete DMEM to 50 µg/ml. The mitochondria probe, 
rhodamine 123 (Rho123) (Green 1990; Horobin and 
Kiernan 2002), was used to confirm the intracellular 
localization of the PS. Rho123, 6.5 μg/ml in PBS, was 
applied for 5 min to cultures incubated previously with 
the PS followed by washing with PBS. Microscopic 
observations were made using ultraviolet (UV) (365 nm) 
and blue (436 nm) exciting light for ZnTM2,3PyPz and 
Rho123, respectively.

Image processing and analysis were performed using 
ImageJ v 1.52 software. Convolved images were 
obtained using the convolve command that used 
a matrix of 25 points (five columns and five rows, the 
central point with a value of +25, and the remaining 
peripheral points with a value of −1) on color 100-dpi 
JPG images. The convolve filter is adequate for image 
sharpening and edge detection (Casas et al. 2008; 
Alvarez et al. 2011; Stockert and Blázquez-Castro 
2017). Original violet emission images also were 
inverted, converted to a binary image and 
skeletonized (Buño et al. 1998). The red, green and 

blue channels were isolated by splitting the original 
violet image. Blue and red images then were 
compared to those of Rho123.

Aqueous ascorbic acid, 0.5 mg/ml, or 5 mg/ml zinc 
powder in the presence of 2% (v/v) aqueous acetic acid 
were used to reduce ZnTM2,3PyPz. The reduced dye 
then was re-oxidized by exposure to air for 1 h or by 
addition of 0.5 ml 10% H2O2 in distilled water for 10 min.

UV/visible spectroscopy was performed on a 4 µM 
dye solution in a 1 cm path length quartz cell at room 
temperature at different pHs. Aqueous stock solutions, 
1.0 x 10−3 M, of KOH and HCl were used to adjust the 
pH to 7, 8.5 and 10, and titrations of the dye in the 
same cuvette were repeated three times.

Quantitative structure-activity relationships (QSAR) 
parameters, i.e., charge, log P and conjugated bond 
number (CBN), were obtained using procedures 
reported by Horobin et al. (2013, 2015). QSAR models 
(Horobin et al. 2013, 2015) then were used to predict 
membrane permeability and organelle localization.

Results

Absorption and emission spectra of ZnTM2,3PyPz are 
shown in Figure 1B. The high UV absorption appears 
well suited to excite the dye at 365 nm as occurs with 
ZnPc and derivatives (Villanueva et al. 1999; Stockert 
and Blázquez-Castro 2017; Valli et al. 2019). 
ZnTM2,3PyPz dissolved in distilled water has an 
extinction coefficient ε638 = 90,000 M−1 cm−1.

Incubation of HeLa cells with 50 µg/ml 
ZnTM2,3PyPz for 5 h produced a weak fluorescent 
signal in mitochondria. Best results were achieved 
with higher dye concentrations and prolonged 

Figure 1. A) Chemical structure of ZnTM2,3PyPz with atom numbering of the pyridine ring. B) Absorption (A) and emission (E) 
spectra of the dye in distilled water (4 µm, λexc = 590 nm), with A and E peaks at 638 nm and 653 nm, respectively, as well as the 
position of the exciting 365 nm radiation.
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incubation, typically using 0.5 mg/ml in complete 
DMEM for 20 h (Figure 2A). Under UV excitation, 
mitochondria exhibited a violet emission due to the co- 
localization of blue autofluorescence caused by NAD(P) 
H (Stockert et al. 2009; Stockert and Blázquez-Castro 
2017) and the red labeling signal from ZnTM2,3PyPz.

Convolved and binary skeletonized images exhibit 
the classic thread pattern of mitochondria (Figure 2B, 
C). Consistent with this, image processing that split the 
red, green and blue colors from the original violet 
image revealed complete correspondence between the 
blue NAD(P)H autofluorescence of mitochondria and 
the red dye signal (Figure 2D, E). Both blue and red 
signals also corresponded to the green emission of the 
selective mitochondria label, Rho123 (Figure 2F).

When subjected to reducing conditions, such as 
ascorbic acid or zinc powder, dye solutions rapidly 
become colorless. After removing zinc powder, the 
blue color was nearly completely recovered by air 
reoxidation (Figure 3A–C). Likewise, dye reduced by 
ascorbic acid recovered its blue color after oxidation 
with H2O2.

We measured pH dependent changes in the UV/vis 
absorption spectrum of ZnTM2,3PyPz. Figure 4 shows 
that an increase in pH from 7 to 8.5 decreased the 
absorption of the Q band at 638 nm. Titration of the 
dye with alkali followed by back-titration with acid 
largely reproduced the original ZnTM2,3PyPz 
spectrum with approximately 90% recovery after each 
cycle (Figure 4, inset). At pH 10, however, the Q band 
virtually disappeared and there was no recovery (not 
shown).

Discussion

Aromatic macrocycles such as porphyrins, Pcs- and Pc- 
like dyes all possess an 18 π electron system that is 
responsible for their red fluorescence emission. These 
molecules also all feature high double bond conjugation 
with CBN values in the 28–48 range. The cationic, zinc- 
containing phthalocyanine-like dye, ZnTM2,3PyPz 
(Tempesti et al. 2008), was designed as a PS analogue 
to cuprolinic blue (Scott 1980); it replaces Cu with Zn 
to retain the fluorescence of ZnPcs. We observed 

Figure 2. Live HeLa cells incubated with 0.5 mg/ml ZnTm2,3pypz for 20 h. All panels show the same microscopic field. A) Image after 
using 365 nm excitation; violet labeling of mitochondria (arrows) is due to the merged blue autofluorescence (see panel D) and the 
red dye signal (see panel E). M, mitochondria; N, nuclei. B) Image after using the convolve filter. C) Image after skeletonizing the 
binary image. D) Blue autofluorescence due to NAD(P)H. E) Image showing pattern of red emission. F) Green emission of the 
mitochondrial probe Rho123, resulting from blue excitation, which closely corresponds to the red dye signal seen in panel (E).
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selective fluorescence labeling only in mitochondria 
after applying the dye at high concentration and for 
an extended period of incubation. These requirements 
for obtaining optimal images are intriguing, because 
well-known mitochondrial probes, such as the Rho123 
that we used, are effective at low concentrations and 

short staining times. Possible solutions to this puzzle 
are discussed below.

According to QSAR numerical modeling (Horobin 
et al. 2013, 2015), the water soluble and highly charged 
ZnTM2,3PyPz dye is much too hydrophilic (4+, log P = 
−10.9) (Table 1) to enter live cells and charge reduction 
seems to be required to increase the lipophilicity 
required for membrane permeability. We describe 
here two mechanisms that could be responsible for 
such charge reduction.

The first mechanism is dye reduction as occurs for 
other hydrophilic probes (Stockert et al. 2020). 
Reduction of ZnTM2,3PyPz yields colorless (Figure 3) 
and more lipophilic (Table 1) derivatives. These 
compounds are re-oxidized readily to the cationic 
form unless kept in an inert atmosphere. If formed 
near the plasma membrane, however, the reduced and 
lipophilic dye species could enter live cells rapidly, thus 
providing a mechanism for dye uptake. Possible 
reduced forms of ZnTM2,3PyPz are illustrated in 
Figure 3D; these are similar to the structure proposed 
for the reduced form of the cobalt-containing 
phthalocyanine vat dye, indanthrene brilliant blue 4 G 
(Gurr 1971). Reduction of hydrophilic dyes at the 
external face of the plasma membrane by NAD(P)H: 
quinone oxidoreductase 1 (Wondrak 2007) has been 
proposed as a mechanism for methylene blue and 
5-methylphenazinium methyl sulfate staining 

Figure 3. Redox behaviors of ZnTM,3PyPz in aqueous solution. A) Appearance of control solution (5 µg/ml) of dye. B) Effects of 
adding a reducing agent consisting of 5 mg/ml zincpowder suspended in 2% (v/v) aqueous acetic acid. C) Recoloration due to 
airreoxidation 1 h after removal of zinc. D) Chemical structures ofpossible reduced products of the dye showing different charged 
forms (3+, 2+, and 1+), induced by reduction of the macrocycle nitrogen atoms (red circles). This results in formation of lipophilic 
domains associated with uncharged pyridinemoieties (indicated in green).

Figure 4. Effect of pH on the UV/visible absorption spectra of 
ZnTm2,3pypz in aqueous solution: pH 7 and 8.5 indicate a first 
titration; pH 7a and 8.5a indicate a second titration, pH 7b and 
8.5b indicate a third titration. All titrations were repeated three 
times. Inset: absorbance changes at 638 nm after successive 
titration cycles: (a) basic titration (pH 7–8.5, red arrow and 
lines); (b) back acid titration (pH 8.5 to 7, blue arrow and lines).
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(Blázquez-Castro et al. 2009; Stockert et al. 2020). In 
contact with metals, the color of cuprolinic blue 
changes reversibly from blue to pink, which appears 
to be redox behavior (Juarranz et al. 1987). Table 1 
shows that a membrane-permeant species requires 
reduction of more than a single nitrogen substituent; 
the low probability of this could underlie the need for 
high dye concentrations and long incubation times.

The second possible mechanism depends on the fact 
that whereas some protonated basic dyes are in 
equilibrium with their free bases, certain N-quaternary 
salts form pseudobases (Bunting and Norris 1977; 
Bunting 1980). Because the resulting carbinols are 
more lipophilic than the parent salt, this could 
constitute another mechanism for dye uptake. 
Although equilibria involving protons are extremely 
fast, pseudobase-cation interconversion rates vary and 
some are very slow. This may explain, for example, why 
ethidium bromide, whose cationic character is due to 
a quaternary salt, although possessing a moderately 
lipophilic pseudobase, nevertheless enters live cells 
slowly and in a concentration-dependent manner 
(Horobin et al. 2006). To explore the possible role of 
pseudobase formation on dye permeability, we 
estimated log P and CBN (Table 1). Our findings 
indicate that conversion of a single pyridinium moiety 

to a pseudobase causes a substantial decrease in 
hydrophilicity that is equivalent to adding at least four 
methyl groups to the molecule. Figure 4 shows pH 
dependent changes in the UV/visible spectrum that 
could be due to this phenomenon. The chemical 
structures of the possible carbinol pseudobases are 
shown in Figure 5.

Table 1 and the QSAR models (Horobin et al. 
2013, 2015) suggest that the 1+ species, a lipophilic 
cation, would be membrane-permeant and would 
accumulate in mitochondria. It is unlikely, however, 
that such a species, whose formation requires 
conversion of three of the four pyridinium moieties 
on each molecule to pseudobases (Figure 5), would 
constitute more than a small proportion of the dye 
present. This might also be a solution to the puzzle of 
why mitochondrial staining was seen only at high dye 
concentration and a long incubation period. There 
also is a way that the 2+ species, which might be 
present in a greater concentration, might enter the 
cell. If the two quaternary N+ were adjacent, then the 
resulting molecule would be asymmetric and 
amphiphilic (Figure 5) and the lipophilic domain 
could insert into the plasma membrane. Owing to 
the embedding of the formal N+ site within the 
heterocycle and to the N-Me substituent, there is no 

Figure 5. Chemical structures of possible pseudobases derived from ZnTm2,3pypz, with carbinol groups at position 6. Structures of 
dyes with 3+, 2+, and 1+ charges (A, B, C, respectively) are shown; these result in lipophilic domains associated with uncharged 
pyridine moieties (indicated in green).

Table 1. QSAR parameters estimated for the tetracationic ZnTM2,3PyPz and for the derived reduced and pseudobase 
species.

Compound Charge Log P CBN

Parent compound, see Figure 1A 4+ −10.9 48
Reduced species, see Figure 3D 3+ −5.5 46
Species with one pseudobase moiety, see Figure 5A 3+ −6.7 46
Reduced species, see Figure 3D 2+ −0.1 44
Species with two pseudobase moieties, see Figure 5B 2+ −2.5 44
Reduced species, see Figure 3D 1+ 5.3 42
Species with three pseudobase moieties, see Figure 5C 1+ 1.7 42
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local domain that is sufficiently hydrophilic to 
prevent such a molecule from passing through the 
membrane, which would allow the dye to enter the 
cell by a flip-flop process. Because selective 
mitochondrial accumulation requires the presence of 
lipophilic cations, however, formation of a 1+ species 
would again constitute a rate controlling step. 
According to the accepted view (Bunting and Norris 
1977; Bunting 1980), the insertion of OH is expected 
to take place at position C6 of the pyridinium ring.

The reported rates of formation of dye pseudobases 
vary widely, with half-reaction times falling in the 
range of seconds to hours. Steric obstruction, such as 
in the large dye molecules discussed here, is one factor 
that causes slow rates We observed that the 
absorbance of ZnTM2,3PyPz decreased at basic pH 
and that the process was largely reversed upon 
returning the solution to neutral pH; this supports 
the concept of pseudobase formation. The small loss 
of reversibility could be due to a side reaction that 
converts pyridinium pseudobases to dihydro 
derivatives (Moracci et al. 1976; Ali et al. 2022), 
which, however, with macrocycles only becomes 
significant at pH 11.

Although we discuss here the puzzling permeability 
behavior of a single dye, ZnTM2,3PyPz, we wish to 
emphasize that the role of membrane-permeant reduced 
species and pseudobases in facilitating cell entry of 
hydrophilic probes and PS could be a more widespread 
phenomenon. In particular, these processes could be 
involved in the uptake of other cationic CuPc, ZnPc and 
Pc-like dyes into living cells (Dupouy et al. 2004; Spesia 
et al. 2009; Valli et al. 2019; Ali et al. 2022) and may also be 
involved in the uptake of pyridinium-containing 
fluorescent probes. There are numerous compounds of 
this kind, including styryl probes such as 4-Di-2-ASP, 
DASPEI and DASPI. These three have been applied 
extensively as mitochondria-localizing probes; however, 
they differ markedly from the usual cationic 
mitochondrial probes, such as Rho, because these three 
are hydrophilic, not lipophilic. Estimated log P values for 
these three dyes are −0.4, −0.9 and −0.9 respectively.

Two non-exclusive mechanisms, i.e., formation of 
reduced or pseudobase lipophilic species, may 
underlie the puzzling permeability behavior of 
ZnTM2,3PyPz. Because experimental evidence 
indicates that both processes might be possible with 
ZnTM2,3PyPz, the puzzle has not been resolved 
completely. Our findings do indicate that more 
attention should be paid to how certain hydrophilic 
fluorescent probes succeed in entering living cells and 
also that possible formation of reduced or pseudobase 
species should always be considered.
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