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Synthesis of Rhodamine TEMPO Conjugates via
Isonitrile-Based Multicomponent-Reactions for
Mitochondria-Targeted ROS-Detection in Cancer Cells

Haider N. Sultani,* Ibrahim M. Morgan, Hidayat Hussain, Haleh H. Haeri,
Dariush Hinderberger, Goran N. Kaluderovi¢, and Bernhard Westermann

A novel series of profluorescent rhodamine nitroxide conjugates are
synthesized utilizing well-known isonitrile-based multicomponent reactions
(IMCRs). The synthesized conjugates are rationally designed as
mitochondria-targeting probes for the detection of reactive oxygen species in
living cells. Herein, the synthesized probes demonstrate high selectivity to
target the mitochondria of both of PC3- and NIH3T3-cells which represent
cancer and normal cell lines. Attaching TEMPO nitroxide to rhodamine leads
to fluorescence quenching, allowing for ROS detection and quantification. The
prepared sensors provide a reliable method for distinguishing between
different oxidative environments in living organisms through different levels
of fluorescence to be measured. The use of the Ugi multicomponent reaction
enables an efficient and versatile synthetic approach, offering significant
advantages over previously reported methods for constructing ROS-detecting
probes. The simplicity of the reaction setup and the ability to generate a

questions and needs in the context of
disease-related problems. Among the cel-
lular processes which disclose a clear
indication of nature, and the status
thereof is the formation of reactive oxy-
gen species (ROS). ROS include hydroxyl
radicals and superoxide anions which
represent oxygen radicals, although non-
radical ROS also exist such as hydrogen
peroxide and ozone. Approximately 1% of
the oxygen taken up in our bodies by sim-
ple breathing is converted to ROS.!!]
Excess generation of ROS causes cel-
lular damage, which results in oxidative
stress and ultimately cell death. As a
result of excess ROS production, DNA
damage may occur which may provoke

diverse library of products by varying Ugi components make this protocol
highly adaptable for further chemical modification and potential applications

in biological systems.

1. Introduction

Monitoring biological processes within cells is an ongoing pro-
cess and modern analytical tools have been constantly devel-
oped to provide fast, reliable, and reproducible results to pressing

gene mutations. In addition, many dis-
eases are associated with excess ROS
production such as neurodegenerative
disease (Alzheimer’s),!?] hypertension,!?]
loss of cardioprotection, and hypergly-
cemia.l”!

Indeed, ROS production by cancer cells is their major man-
ifestation and due to its high metabolic activity compared to
the normal cells presents the problem to be addressed.[®! There-
fore, an understanding of the reasons and conditions causing
these distortions is a mandate to develop promising tools to
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Scheme 1. Comparison of previous and current work.

counteract this situation. The localization of these processes
to subcellular organelles is also indispensable. As the electron
transport chain is located in the mitochondrial membrane, it is
most likely that this organelle is a major source of ROS. Indeed
90% of ROS production takes place in the mitochondria, which
are formed during oxidative phosphorylation, amino acid, and
fatty acid metabolism, and hormone biosynthesis.l”! Due to their
high degree of inherent redox processes which starts with the
flow of electrons from the electron transport chain to oxidize
molecular oxygen to the radical oxygen species, mitochondria are
a well-studied cell compartment.

Numerous fluorophores for mitochondria targeting have been
reported, such as fluorescein which is routinely used for pro-
tein labeling but suffers limited cellular permeability in stud-
ies involving living cells. In contrast, different rhodamine dyes;
rhodamine 123, rhodamine B, basic violet 11, rhodamine 6G,
and rhodamine 101, are excepted for their propensity to pene-
trate cells more readily than fluorescein, because of the negative
plasma membrane potential within the cell cytoplasm. Moreover,
the delocalized cationic z-system of thodamines facilitates their
accumulation in the mitochondria.l®! In our studies to target mi-
tochondria, the rhodamine fluorophore was selected, because it
has been proven that such lipophilic cationic dyes are localized
into that particular organelle, therefore acting as the fluorophore
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as well as a targeting group.l! Moreover, rhodamines gained high
attraction due to their desirable photophysical properties, such
as; high quantum yield (¢) and high molar absorptivity (¢). In
addition, due to their excellent photostability, thodamines are
widely used in biological studies(!®! and are also known to pos-
sess high chemical stability. Their stability toward pH, metal
ions, anions, and thiols lent credence to their most important
feature being their stability toward reactive oxygen species.[!113]
In close proximity to the dye, we envisioned installing a 2,2,6,6-
Tetramethylpiperidinyloxyl nitroxide radical (TEMPO)-moiety for
maximum quenching efficiency since the quenching of the fluo-
rophore is highly dependent on the distance between the nitrox-
ide radical relative to the fluorescent tag.'¥l One of the applica-
tions of nitroxides is their conjugation to fluorophores and to uti-
lize these conjugates as pre-fluorescent dual-functional (spin and
fluorescence) sensor molecules.'>'] Nitroxides are known to act
as profluorescent probes through their ability to quench the ex-
cited state of fluorescent tags./13-2!]

In the current study we describe the preparation of rhodamine
TEMPO conjugates as mitochondria targeting probes. Many re-
ports showed that rhodamine dyes, tend to accumulate and lo-
calize in the mitochondria.[*>?3] However, the major drawback
of rthodamine chemistry is that its analogs are pH-sensitive,
and rhodamine secondary amides lead to the leuco-form
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Rhodamine B (1): Ry = H, R, = R3, R4 = Rs = Et Rhodamine 101 (4)

Rhodamine 110 (2): Ry =R, =R3=R, = Rs = H
Rhodamine 19 (3): R; = Me, R, = R, = H, Ry = Ry = Et

/ R: various isonitriles

o 5,10, 11 and 12:R = cyclohexyl
I 6:R = CH,CH(OMe)CH,CH(OMe),
N 7:R=Bn

8:R = CH2C02MG
9:R = CeH4-p-COPh

Rhodamines

\
(53%) o
5: R1 H, R2 = R3, R4 = R5 Et, RG = cyclohexyl ( 00/0)
LL‘z OMe
6:R{=R,=Ry=R;=Rs=Et Rg =~ W (55%)
OMe OMe
7:R =H R2—R3, R4—R5—Et RG—Bn(60%)
8: Ry =H, R, =R3, Ry = R5 = Et, Rg = CH,CO,Me (50%)
O
9:R; =R, =Ry =R, = Rs = Et, Rg = § (52%)
10: R4y = Me, R, = R4 = H, R3 = Ry = Et, Rg = cyclohexyl (70%)
11: R1 R2 = R3 = R4 = R5 =H, RG = CyCtheXyl ( 0%)
Scheme 2. Preparation of spin-labeled probes 5-12.
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Figure 1. Fluorescence response of spin-labeled probe 5 (50 um) to ascor-
bic acid (AA).

(non-fluorescent) via intramolecular cyclization (Scheme 1). In
earlier studies, we demonstrated that utilization of rhodamine in
Ugi-reactions leads to peptoids that cannot be transformed into
the leuco form upon a change of pH (Scheme 1).**1 The Ugi-
reaction offers the possibility to use TEMPO-NH,. The adduct
derived is thus non-fluorescent due to the quenching by the rad-
ical. However, upon oxidation, this probe will turn into a flu-
orescent analyte able to monitor the ROS upon change of in-
tensity of the Ugi-adduct. In addition, the incorporation of the
TEMPO-radical also offers the possibility to use this sensor as a
double readout probe, the second readout obtained from Electron
Paramagnetic Resonance (EPR) spectroscopy. EPR spectroscopy
is a well-established, powerful technique with a wide range of
applications. It is a highly precise, non-destructive method that
needs very small amounts of the sample (10—100 uL ranges). All
these properties make EPR suitable for biological kinds of pur-
poses. EPR is based on monitoring the interaction of unpaired
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electrons with microwave irradiations in the presence of a mag-
netic field. Therefore, it could be utilized to find out not only
the level of ROS, but RNS (Reactive Nitrogen Species) in cel-
lular systems, as well. About the role of EPR in detecting and
quantifying ROS in biological media, there are detailed reviews
elsewhere.!?5-%7]

The Ugi multicomponent reaction (U-MCR) is a well-
established one-pot synthetic protocol to achieve diversity in only
one synthetic operation. The scope is rather broad, and a va-
riety of functional groups can be used in the carboxylic acid,
amine, and isonitrile components without the need for protec-
tion strategies and activation, with water as the sole byproduct.
Its applicability toward the synthesis of bioactive compounds has
been demonstrated in several examples.[?-31 In earlier studies,
we also demonstrated that the conditions of the Ugi-reaction
do not interfere with the TEMPO-radical, keeping the radical
character intact throughout the synthesis.[?*33] This study ad-
vances the development of mitochondria-targeting ROS probes
by leveraging the unique properties of rhodamine fluorophores
and nitroxide radicals through an efficient and modular synthetic
approach. Employing the Ugi multicomponent reaction in this
study ensures enhanced chemical stability, dual detection capa-
bilities via fluorescence and EPR spectroscopy, and adaptability
for structural diversification through the Ugi reaction. These at-
tributes make it a promising tool for bioimaging, oxidative stress
monitoring, and redox biology studies, with potential applica-
tions in understanding and diagnosing oxidative stress-related
diseases.

2. Results and Discussion

2.1. Synthesis and Characterization

For this study, we envisioned using the TEMPO radical as the
amine component. To ensure a close distance and maximum
quenching of the radical to the fluorophore, rhodamine B was
selected as an acid component in the U-MCR, and formaldehyde
was used as the carbonyl compound to avoid any formation of
stereoisomers. For diversification 1) rhodamine B, 2) rhodamine
110, 3) rhodamine 19 were used (Scheme 2). Various isonitriles
comprising cyclohexyl, benzyl, and benzophenone groups were
used to generate a library of rhodamine TEMPO conjugates. The
U-MCR was also carried out with convertible isonitriles having an
ester group and an IPB isonitrile which allows for post-U-MCR
modification.?**] All U-MCRs were carried out in methanol
as solvent at room temperature under ambient conditions. The
yields of spin-labeled probes 5-12 (Scheme 2) ranged from ~50%
to 70%. These good yields clearly prove the versatility of the U-
MCR approach to achieve a broad range of rhodamine radical
sensors in just one transformation. The nature of the carboxylic
acid part had no big impact on the product formation.

2.2. UV, EPR, and NMR Spectroscopic Properties of the
Spin-Labeled Probe 5

We selected spin-labeled probe 5 to test whether it can be reduced

to the corresponding hydroxylamine thereby facilitating the rho-
damine dye to gain back its fluorescence. For this purpose, we
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Figure 2. cw-EPR spectra of the stepwise reduction of spin-labeled probe 5 by ascorbic acid (AA). The black spectrum represents probe 5 in water

(reference) before the addition of AA.

have selected ascorbic acid (AA) as the reducing agent in dif-
ferent concentrations (Scheme 3). The spectral characteristics of
the synthesized spin-labeed probe 5 were tested in the absence
and presence of AA. Both EPR and fluorescence spectroscopy
were used to monitor the reaction at different concentrations of
AA. The results show a dose-dependent response relationship be-
tween AA and the probe 5. Before AA was added almost no flu-
orescence was recorded for probe 5 (50 um in methanol) as seen
in Figure 1. As the molar ratio of AA slowly increased in stages
from 6.25 up to 50 um while keeping the concentration of probe 5
constant (50 um), the fluorescent intensity increased as shown in
Figure 1. The EPR spectra were recorded in a stepwise addition
of AA to probe 5, as well (Figure 2). After the addition of AA to
compound 5 (150 pm) in a stepwise manner (AA: 75, 37.5, 18.75
and finally 9.37 um), the intensity of the typical three lines of the
nitroxide radical of probe 5 decreased until an almost full quench-
ing of the EPR signal occurs (Figure 2). The simulated EPR spec-
trum of probe 5 in water showed an isotropic hyperfine coupling
(Aiso) of 47.66MHz and resulted in an isotropic g-value of 2.0057
(Figure S4, Supporting Information). Both of these properties are
in agreement with the typical nitroxide isotropic values in a polar
environment.**-38 The Easyspin software package is used for the
simulations.3)

In order to record the NMR spectra of probe 5, the nitrox-
ide moiety must be reduced to its corresponding hydroxylamine.
The reduction of the spin-labeed probe 5 was performed in
situ utilizing the reducing agent AA (Scheme 3). The reaction

Adv. Sensor Res. 2025, 4, 2400180 2400180 (5 of 10)

was monitored via NMR for 66 min (Figure S1, Supporting
Information).

2.3. Biological Safety of the Synthesized Spin-Labeled Probes
(5-8)

Before investigating the ability of the spin-labeled probe 5 to
detect the ROS in cancer cell lines, the safety of the synthe-
sized probes 5-8 was first confirmed. Both, embryonic mouse
fibroblast NIH3T3 cells which represent mouse normal fibrob-
lasts as well and human prostate PC3 cancer cells which rep-
resent human prostate cancer were used as models (MTT/3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide and
CVJcrystal violet assays) to determine the viability of the cells. The
tested spin-labeled probes 5-8 did not significantly affect the nor-
mal cell growth at 0.1 and 1 pm as well as the mitochondrial func-
tion compared to untreated cells. Thus, the compounds in their
used concentrations were found to be non-toxic against the se-
lected tumor and normal cells (Figure 3). The spin-labeled probes
5-8, showed a high degree of safety and were tolerated by both
the PC3 prostate tumor and the normal fibroblast NIH3T3. The
results encouraged us to continue with the follow-up studies as
described before. We envisioned to use spin spin-labeled probe
5 as our model probe although spin-labeled probes 6 and 7 per-
formed very well although the theory of our study required one
representative probe.
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Figure 3. Cell viability was determined after 48 h of treatment with probes of A) NIH3T3 and B) PC3 cells evaluated with MTT assay, C) NIH3T3 and D)
PC3 cells evaluated with CV assay. One-way ANOVA, * p < 0.05, “p < 0.01, ™ p < 0.001.

2.4. ROS Detection of the Spin-Labeled Probe 5 via Flow
Cytometry Analysis

To evaluate the ROS-detection potential of TEMPO-containing
probes, cells were treated with spin-labeled probe 5, and flow
cytometry analysis was performed (Figure 4). Briefly, PC3 and
NIH3T3 were stained with dihydro rhodamine (DHR) dye, then
co-treated with the spin-labeled probe 5 to investigate and com-
pare the ROS production in the normal as well as in the tumor
cells. DHR dye is an uncharged and non-fluorescent ROS in-
dicator and upon interaction with ROS, the dye is oxidized to
cationic rhodamine, which localizes in the mitochondria and ex-
hibits green fluorescence (Scheme 4).

Two different detection channels with different excita-
tion/emission wavelengths were used to record the fluorescence
of both DHR and the spin-labeled probe 5. A FITC detection
channel was used for DHR with excitation/emission wavelengths
0f 488nm/520nm and supported by a Texas red detection channel
with excitation/emission wavelengths 561nm/610nm(“°! used for
the spin-labeled probe 5. As a positive control, cells co-treated
with rhodamine and DHR were used. In theory, when cells are
treated with rhodamine alone, high fluorescence is expected to be
seen for both, PC3 and NIH3T3 cell lines. From DHR detection
it can be seen that the ROS production is more prominent in the
tumor PC3 than in normal NIH3T3 cells (Figure 4), as expected.

Adv. Sensor Res. 2025, 4, 2400180 2400180 (6 of 10)

Namely, the difference in the fluorescence shift corresponds to
the level of ROS species production. When the cells were double
stained with rhodamine and DHR, no correlation between ROS-
levels in normal and tumor cells was found as anticipated. In
contrast, the cells co-treated with DHR and spin-labeled probe 5
exhibited a high correlation between ROS-level and fluorescence
shift. The fluorescence intensity is concentration-dependent due
to the fact that the nitroxide radical is being reduced to its corre-
sponding hydroxylamine upon interaction with ROS thereby los-
ing its ability to quench the fluorescence of rhodamine (Figure 4).

2.5. Mitochondria Targeting of the Spin-Labeled Probe 5

Localization of the novel spin-labeled probe 5 in the cells was
determined using fluorescence microscopy (Figure 5). The tu-
mor PC3 as well as normal NIH3T3 cells were treated with Mi-
toTracker Green and subsequently with rhodamine, as control,
and the spin-labeled probe 5, respectively. The images obtained
by fluorescent microscopy showed that rhodamine localizes in
the mitochondria (Figures 5A and 6A).222] As shown in flow cy-
tometry experiments, independently from the ROS-level the in-
tensity of rhodamine fluorescence is similar in NIH3T3 and PC3
cells. NIH3T3 cells stained with the spin-labeled probe 5 did not
show fluorescence (Figure 6.B). On the other hand, PC3 cells
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Figure 4. Flow cytometry analysis of A) NIH3T3 and B) PC3 cells double stained with DHR (10 min) and spin-labeled probe 5 (45 min).
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Figure 5. Fluorescence microphotographs: PC3 cells stained with MitoTracker Green (FITC channel) and rhodamine A; Texas Red channel) or spin-
labeled probe 5 B; Texas Red channel).
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Figure 6. Fluorescence microphotographs: comparison of NIH3T3 and PC3 cells stained with MitoTracker Green (FITC channel) and rhodamine (Texas

Red channel) or spin-labeled probe 5 (Texas Red channel).

treated with spin-labeled probe 5 exhibited high fluorescent in-
tensity (Figure 5.B). This difference in the fluorescence intensity,
in agreement with flow cytometry data, is due to the higher pro-
duction of ROS by PC3 than NIH3T?3 cells. The distribution panel
of the spin-labeled probe 5 is the same as MitoTracker Green, a
commercial stain that localizes exclusively the mitochondria.

2.6. Mitochondria Localization of Spin-Labeled Probe 5 via EPR
Measurements

The ROS level of the three cellular moieties (whole cell, cytoso-
lic extract, and mitochondria extract) in tumor PC3 cells was
monitored at room temperature by EPR measurements. In ad-
dition to the aforementioned cellular compartments, the spectra
of the control cells (NIH3T3) were recorded as well (Figure 7).
The whole cells or compartments of interest (cytosol and mito-
chondria) were incubated with the probe 5 for 30 min at room
temperature and then the samples were delivered to the EPR cap-
illaries and were measured. Longer incubation times (up to 24
h) did not affect the final results. The synthesized probe 5 was
found to be still active in whole cell and cytosolic extract samples
while there was no signal in the mitochondria extract, neither for
the control nor for the tumor cells. This is an indication that the
ROS level in the mitochondria is higher than the other two com-
partments so the nitroxide is reduced to its hydroxylamine form.
The diminished signal in mitochondria is well correlated to the
corresponding increase of the fluorescence in the mitochondria
as the nitroxide has lost its ability to quench the fluorescence of
Rhodamine.

3. Conclusion

It is clearly evident that the Ugi-multicomponent reaction can be
used as a simple and elegant synthetic protocol to develop new

Adv. Sensor Res. 2025, 4, 2400180 2400180 (9 of 10)
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Figure 7. cw-EPR spectra of the NIH3T3 control and PC3 cancerous cells
(assigned by star sign). The recorded spectra for whole cell, cytosolic ex-
tract, and mitochondria extract are given. The EPR characteristic param-
eters (Aiso and giso) are identical to those of probe 5. The signal at the
field position denoted by the dashed line (giso = 2.0012) stems from de-
fect centers in the used EPR capillaries.

rhodamine nitroxide probes for cellular ROS detection. The re-
sults were confirmed using different methods including flow cy-
tometry, fluorescent imaging, and EPR spectroscopy. Probe 5 ex-
hibited high selectivity toward the ROS and the high fluorescence
shift can be seen in the PC3 cancer cell line with almost no fluo-
rescence for the NIH3T3 cell line. The innovative TEMPO-probe
can be successfully applied for the detection of ROS-levels using
flow cytometry as well as localization of mitochondria in living
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cells in vitro. The rhodamine-treated cells showed no difference
in the intensity of the fluorescence between both cell lines while
the spin-labeled probe 5 treated cells showed the presence of flu-
orescence in the case of PC3 cells since the TEMPO nitroxide is
sensitive to ROS and presents to a larger degree in tumors than in
normal cells. The findings from this study provide a strong foun-
dation for the development of advanced bioimaging sensors for
oxidative stress-related diseases. The dual fluorescence and EPR
detection mechanism offers a more robust and versatile strategy
for distinguishing oxidative environments in living cells, with
potential applications in early cancer detection and therapeutic
monitoring. Additionally, the adaptability of the Ugi multicom-
ponent reaction enables further probe modifications, opening
avenues for targeted imaging, antibody conjugation, and poten-
tial in vivo studies. These results underscore the promise of rho-
damine nitroxide-based probes in biomedical research and diag-
nostic advancements.
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