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Abstract: Traditional chemotherapeutic drugs have limitations due to their non-targeted ability
toward cancer cells. Stimuli-activatable prodrugs are designed to overcome these obstacles. However,
the real-time monitoring of stimuli-activatable theranostic prodrugs still poses challenges. Herein, a
prodrug (Fe–SS–HCy), consisting of a ferrocene-modified hemicyanine linked via a disulfide bond,
is synthesized for anticancer imaging and therapy. Before activation, the toxicity of Fe–SS–HCy is
low. The fluorescence of Fe–SS–HCy is quenched by ferrocene due to photoinduced electron transfer.
After being taken up by cancer cells, the intracellular GSH activates Fe–SS–HCy, which releases HCy.
The fluorescence of HCy is restored and selectively accumulates in the mitochondria, which further
produce reactive oxygen species (ROS) to induce cancer cell death. Thus, this “off-on” fluorogenic
HCy presents a new strategy for monitoring prodrug activation in real-time and for enhancing
therapeutic efficacy with reduced side effects.

Keywords: fluorescent dye; cancer imaging; activatable prodrug; photoinduced electron transfer;
cancer therapy; hemicyanine

1. Introduction

Among various cancer treatments, chemotherapy is the dominant method, which relies
mainly on cytotoxic drugs to inhibit cancer cell growth [1]. However, it still poses challenges
in the clinic. Traditional chemotherapeutic drugs lack selectivity between cancer cells and
normal cells [2], causing severe side effects by damaging healthy cells [3]. Additionally,
reduced dosages of anticancer drugs at tumor sites may limit their efficacy and potentially
lead to drug resistance [4]. To overcome these challenges, stimuli-activatable prodrugs
have shown significant progress in recent years [5]. These prodrugs exhibit no toxicity in
noncancerous tissues and can be specifically activated at tumor sites [6]. Once activated
by a specific tumor-associated factor, their toxicity can be efficiently enhanced [7]. The
tumor-specific activation of prodrugs has shown improved selectivity and reduced side
effects, as the specific tumor microenvironment exclusively activates the prodrugs at tumor
tissues and is non-toxic toward normal tissues [8,9].

The unique metabolic environment of tumors, such as acidic conditions [10], excessive
expression of reactive oxygen species (ROS) [11], and overexpression of enzymes [12],
can be exploited as triggers for the activation of prodrugs. Moreover, cancer cells have
significantly higher concentrations of glutathione (GSH) than normal cells, making the
GSH-activatable strategy promising [13]. GSH is a highly abundant biothiol in living
cells, which plays a pivotal role in physiological processes such as redox homeostasis
and cellular growth [14]. GSH-activatable prodrugs can be designed to be stable during
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blood circulation but become selectively activated by GSH within cancer cells, leading to
enhanced drug efficacy and reduced systemic toxicity. Furthermore, the high sensitivity
and rapid response of GSH-activatable prodrugs allow for precise drug release at the tumor
site [15].

Regarding activatable prodrugs, the real-time tracking of drug release is of great
interest [16]. A commonly used method for monitoring drug release is to design theranos-
tic prodrugs through the conjugation of fluorescent dyes with therapeutic drugs [17,18].
However, most of the fluorescence of theranostic prodrugs is always in the turn-on state,
which is constrained by factors such as photobleaching, variations in assay conditions,
and inadequate sensitivity for accurate detection [19]. Therefore, it is crucial to develop
prodrugs with a unique fluorescence “off-on” property that serves as a switch to turn on
the fluorescence for tracking drug release.

Herein, the design of a GSH-activatable theranostic prodrug Fe–SS–HCy is reported.
Fe–SS–HCy consists of a GSH-cleavable disulfide bond, a ferrocene moiety, and fluorescent
hemicyanine (HCy) for imaging and therapeutic effects (Figure 1). Ferrocene is recognized
as a potent quencher due to its ability to donate electrons, which can quench the fluorescence
of organic fluorophores through a photoinduced electron transfer (PET) process [20]. HCy
has a good therapeutic effect with strong red fluorescence, making it an ideal theranostic
anticancer drug [17,21]. Before activation, the fluorescence of Fe–SS–HCy is in the off
state due to the PET process by ferrocene. Moreover, the cytotoxicity of Fe–SS–HCy is
low. After the internalization by cancer cells, the overexpressed intracellular GSH cleaves
the disulfide bond in Fe–SS–HCy and releases HCy species. The released HCy selectively
accumulates in the mitochondria, generating ROS to kill cancer cells. Meanwhile, HCy
exhibits strong fluorescence, making it suitable for monitoring drug release in real-time.
The GSH activation of Fe–SS–HCy only occurs in cancer cells, which further improves the
selectivity for tumor tissues. Fe–SS–HCy exhibits GSH-enhanced cytotoxicity and drug
release monitoring, enabling effective theranostic effects for cancer therapy.
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Figure 1. Chemical structure of Fe–SS–HCy and GSH activation of fluorescence and cytotoxicity
process in cancer cells.

2. Materials and Methods

2,3,3-Trimethylindolenine (98%), iodoethane (99%), phosphorus oxychloride (99%),
cyclohexanone (99%), 3-Nitrophenol (99%), SnCl2 (98%), ferrocenecarboxylic acid (97%),
and 4-dimethylaminopyridine (DMAP) were purchased from Aladdin Ltd, Shanghai, China.
2,2′-dithiodiethanol (90%), N,N′-dicyclohexylcarbodiimide (DCC) (99%), and p-nitrophenyl
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chloroformate (98%) were purchased from J&K Scientific Ltd, Beijing, China. All other
solvents were of analytic grade. Milli-Q water with a resistivity of 18.2 MΩ·cm was used
in this study. All reactions were monitored via thin layer chromatography (TLC) using
0.25 mm silica gel plates with a UV indicator (GF-254).

1H nuclear magnetic resonance (1H NMR) was recorded using a 400-MHz Bruker
Spectrospin NMR spectrometer at 25 ◦C. High resolution mass spectrometric (HRMS) data
were obtained using an LTQ Orbit rap XL instrument. UV–vis absorption spectra were
measured on a Lambda 900 spectrometer (Perkin Elmer, Waltham, MA, USA). Fluorescence
spectra were recorded on a TIDAS II spectrometer (J&M, Essingen, Germany).

The energies of the optimized geometries of all compounds were determined by using
the density functional theory (DFT) method with the Becke, three-parameter, Lee–Yang–
Parr (B3LYP) hybrid functional for exchange correlation and LanL2DZ in the form of a basis
set. The optimized geometries of all compounds are shown in Figure S15. The calculations
were performed using the Gaussian 09W and GaussView 5.0.8 software.

3. Results

The synthesis of Fe–SS–HCy is depicted in ESI† (Figures S1 and S2). Trimethylin-
dolenine was used as the starting compound, which reacted with iodoethane via an N
alkylation reaction. This intermediate 1 underwent a condensation reaction with compound
2 [22], followed by the decoration of the CyCl intermediate with 3-nitrophenol, nitro reduc-
tion, and cyclization to produce HCy. Fe–SS–OH was synthesized through condensation
between 2,2′-dithiodiethanol and ferrocene derivate. The hydroxyl group of Fe–SS–OH
was further activated with p-nitrophenyl chloroformate (NPC), and conjugated with the
amine group of HCy to give Fe–SS–HCy in a moderate yield (82%). Fe–SS–HCy and each
intermediate were characterized by nuclear magnetic resonance (NMR) spectroscopy and
high-resolution mass spectrometry (HRMS) (Figures S3–S14).

We studied the absorption response of Fe–SS–HCy toward GSH using UV–vis spec-
troscopy (Figure 2a). Fe–SS–HCy exhibited a broad absorption band from ≈400 to ≈850
nm, in which the maximum peak was located at ≈690 nm. After incubation with GSH,
the maximum peak blue-shifted to 670 nm. This spectral change was consistent with the
maximum absorption of HCy, indicating that GSH was able to cleave the disulfide bond
and release HCy (Figure 2b). The released HCy was fluorescent. Thus, the fluorescence
response of Fe–SS–HCy toward GSH was further investigated. The laser excitation wave-
length was set at 610 nm and the emission range from 650 to 850 nm with a scan speed
of 1 nm/s. The photostability of Fe–SS–HCy caused by red-light irradiation was then
excluded (Figure S15). Subsequently, in the absence of GSH, a weak fluorescence peak
at ≈710 nm was observed in the fluorescence spectrum of Fe–SS–HCy. After incubation
with 1 mM GSH for 30 min, the fluorescence intensity at 710 nm slightly increased. When
increasing the GSH concentration from 1 mM to 10 mM, the fluorescence intensity sig-
nificantly intensified as a function of GSH concentration (Figure 2c). Furthermore, we
examined the fluorescence response of Fe–SS–HCy over time in the presence of 5 mM GSH.
The fluorescence peak was slightly red-shifted to 730 nm and its intensity increased up to
20-fold as a function of incubation time (Figure 2d). The increased fluorescence intensities
and response time toward GSH were comparable to the previous studies [17,23]. We infer
that the increase in fluorescence intensity is attributed to the released fluorescent HCy, the
fluorescence of which was quenched by the ferrocene unit in Fe–SS–HCy before incubation
with GSH.

The quenching mechanism can be rationalized by investigating the energy level dif-
ference between the lowest unoccupied molecular orbital (LUMO) and highest occupied
molecular orbital (HOMO) of ferrocene and HCy (Figures 3 and S16). The density func-
tional theory (DFT) calculations revealed that the LUMO energy of ferrocene is located
between the LUMO and HOMO energies of HCy. Therefore, electron transfer occurred
from the excited state of HCy to the LUMO of ferrocene, resulting in fluorescence quench-
ing. However, upon the addition of GSH, the thiol group cleaved the disulfide bond in
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Fe–SS–HCy, leading to the release of the fluorescent HCy species. We also analyzed the
cleaved products using HRMS measurement (Figure S17) and found an obvious peak at
m/z 290.0757, corresponding to the Fe-SH species. This observation indicates that GSH
can successfully cleave the disulfide bond in Fe–SS–HCy, forming Fe–SH species and HCy
species, which enhances the fluorescence.
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Figure 2. (a) Normalized absorption intensities of Fe–SS–HCy before and after GSH treatment.
(b) Normalized absorption intensities of HCy, Fe–SS–HCy, and Fe-SS-OH. (c) Fluorescence spectra of
Fe–SS–HCy treated with GSH at different concentrations. (d) Fluorescence spectra of Fe–SS–HCy
treated with GSH for different times.

Given that GSH is overexpressed in cancer cells [24], we further investigated the
potency of Fe–SS–HCy in response to GSH in MCF-7 cells. The intracellular cleavage of
Fe–SS–HCy was imaged using confocal laser scanning microscopy (CLSM) to detect the
fluorescence of the released HCy (Figure 4a). Initially, Fe–SS–HCy was weakly fluorescent
because the fluorescence of HCy was quenched by the ferrocene unit. However, after incu-
bating it with MCF-7 cells for 60 min, red fluorescence signals were observed, suggesting
that Fe–SS–HCy was taken up by cells and the intracellular GSH activated the fluorescent
HCy. The red fluorescence became brighter and stronger after 120 min and 180 min of
incubation. The time-dependent increase in intracellular fluorescence was also quantified
using the fluorescence intensities of CLSM (Figure S18). The intracellular fluorescence
intensity was ≈42% after an incubation time of 60 min, which was gradually increased
up to ≈60% over time to up to 180 min. These results indicate that the intracellular GSH
cleaved the disulfide bond of Fe–SS–HCy and activated the fluorescence signals of HCy
over time.
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with MCF-7 cancer cells for different time periods. Scale bars: 50 µm. (b) Cell viability of MCF-7
cells treated with different concentrations of Fe–SS–HCy with the incubation time of 24 h or 48 h.
(c) Cell viability of MCF-7 cells treated with different concentrations of Fe–SS–HCy in the presence or
absence of NEM pretreatment.
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HCy is an anticancer agent and can inhibit the growth of cancer cells [17,21]. We stud-
ied the anticancer performance of Fe–SS–HCy, which can produce HCy under intracellular
reduction environments (Figure 4b). After incubation with 0.3 mg/mL Fe–SS–HCy for 24 h
and 48 h, the cell viability slightly decreased to ≈82% and ≈77%, respectively. However,
when the concentration of Fe–SS–Hcy was increased to 2.5 mg/mL, nearly half of the cancer
cells were killed. As the concentration of Fe–SS–HCy further increased, the cell viabilities
continued to decrease. When the concentration of Fe–SS–HCy reached 10 mg/mL, the cell
viabilities decreased to ≈31% and ≈18% after 24 h and 48 h of incubation, respectively.
We infer that the decrease in cell viability was due to the production of HCy via the cleav-
age of the disulfide bond in Fe–SS–HCy. A higher concentration of Fe–SS–HCy and a
longer incubation time generated more HCy, thereby enhancing the cytotoxicity towards
cancer cells.

We concluded that the inhibition of MCF-7 cell growth via Fe–SS–HCy was due
to the production of HCy. Cytotoxicity under different intracellular GSH concentration
was further studied. N-Ethylmaleimide (NEM) was applied to control the intracellular
GSH concentration because NEM is a biothiol scavenger, which can reduce the biothiol
concentration in living cells [25]. We investigated cell viability in the presence or absence of
NEM (Figure 4c). Fe–SS–HCy showed enhanced cytotoxicity as the concentration gradually
increased from 0.3 mg/mL to 10 mg/mL. However, when the cancer cells were pretreated
with NEM, the incubation of cancer cells with Fe–SS–HCy did not significantly decrease the
cell viability. Even when the concentration of Fe–SS–HCy reached 10 mg/mL, cell viability
decreased by less than 20%. The intracellular cleavage of Fe–SS–HCy under different
intracellular GSH concentrations was also imaged (Figure S19). Fe–SS–HCy incubated
with MCF-7 cells showed strong red fluorescence. As a contrast, negligible fluorescence
was detected in the cancer cells in the presence of NEM. However, the fluorescence was
switched on upon the further addition of GSH. These results demonstrate that the red
fluorescence signal was attributed to the produced HCy, which was caused by intracellular
GSH and led to cancer cell death.

To verify the subcellular localization of HCy, we stained the lysosomes, nucleus, mito-
chondria, and lipid droplets in MCF-7 cells using LysoTracker, Hoechst 33342, MitoTracker,
and Nile Red, respectively. We compared their fluorescence with that of HCy (red fluores-
cence) (Figure 5). HCy overlapped well with MitoTracker (green fluorescence), and the
Pearson correlation coefficient between them was calculated to be 0.93. However, the Pear-
son correlation coefficients between HCy and LysoTracker, Hoechst 33342, and Nile Red
were 0.61, 0.03, and 0.43, respectively. These results demonstrated that HCy was selectively
localized in the mitochondria, where it accumulated and led to mitochondrial membrane
damage. The destruction of the mitochondrial structure and function may decrease the
oxygen consumption rate and mitochondrial respiration rate, affecting the intracellular
reactive oxygen species (ROS) level [26]. Thus, we used 2′,7′-dichlorofluorescin diacetate
(DCFH-DA) to detect the intracellular ROS level after Fe–SS–HCy treatment (Figure S20).
Negligible fluorescence was observed in the control group or in the MCF-7 cells treated
with the DCFH-DA probe only or Fe–SS–HCy only. These observations indicated that no
ROS was generated under these conditions. However, strong fluorescence was detected
when MCF-7 cells were treated with Fe–SS–HCy, followed by probe incubation. These
results demonstrated high ROS generation, which caused cytotoxicity towards MCF-7 cells.

Regarding the higher GSH concentration in cancer cells, Fe–SS–HCy exhibited a
specific imaging of cancer cells compared to normal cells. The intracellular fluorescence
activation of Fe–SS–HCy in different kinds of cancer cells and normal cells was studied
using CLSM (Figure S21). When Fe–SS–HCy was incubated with the MCF-7, A549, and
BEL-7404 cells, red fluorescence was observed in these cancer cell lines. However, negligible
fluorescence was detected when it was incubated with human umbilical vein endothelial
(HUVEC) normal cells. The intracellular fluorescence intensities of cancer cells were
quantified to be three times higher than that of normal cells (Figure S22), suggesting that
Fe–SS–HCy can specifically image cancer cells.
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Red, which was excited with a 561 nm laser (shown in green). Nucleus was labeled using Hoechst
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4. Conclusions

In conclusion, we designed a ferrocene-modified hemicyanine, Fe–SS–HCy, for appli-
cation in cancer treatment. The fluorescence and cytotoxicity of Fe–SS–HCy are blocked
due to the PET mechanism. Fe–SS–HCy exhibited GSH-activatable cytotoxicity and flu-
orescence because GSH cleaved the disulfide bond and released HCy. The fluorescent
HCy accumulated in the mitochondria, inducing ROS generation to inhibit cancer cell
growth. Our study identified a new strategy for PET-based prodrugs. We believe that
more theranostic prodrugs could be developed using stimuli-enhanced cytotoxicity and
fluorescence for cancer therapy.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/chemosensors11070397/s1, Figure S1: synthetic route of HCy;
Figure S2: synthetic route of Fe–SS–HCy; Figure S3: 1H NMR of compound 2; Figure S4: 1H NMR of
CyCl; Figure S5: 1H NMR of compound 3; Figure S6: HRMS of compound 3; Figure S7: 1H NMR of
HCy; Figure S8: HRMS of compound HCy; Figure S9: 1H NMR of Fe–SS–OH; Figure S10: HRMS of
compound Fe-SS-OH; Figure S11: 1H NMR of Fe–SS–NPC; Figure S12: HRMS of compound Fe–SS–
NPC; Figure S13: 1H NMR of Fe–SS–HCy; Figure S14: HRMS of compound Fe–SS–HCy; Figure S15:
stability of Fe–SS–HCy upon light irradiation; Figure S16: optimized structures of HCy and ferrocene
calculated by density functional theory (DFT); Figure S17: The HRMS spectra of Fe–SS–HCy after
GSH treatment; Figure S18: Intracellular fluorescence of MCF-7 cells after incubation with Fe–SS–HCy
for different time period; Figure S19: CLSM images of MCF-7 cancer cells treated with only Fe–SS–
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HCy, Fe–SS–HCy + NME and Fe–SS–HCy + NEM + GSH; Figure S20: generation of intracellular
ROS in MCF-7 cells as observed by CLSM; Figure S21: fluorescence imaging of endogenous GSH for
cancer cell recognition; Figure S22: the relative fluorescence intensities between different cells.
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