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Dual organelle targeting for intra-organelle click:
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benzothiophene-fused cycloalkyne probes†
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Elena A. Shpakova,d Mia D. Kim, a Ekaterina P. Podolskaya,e Alexey S. Gladchuk,e

Irina A. Balova, a Stefan Bräse fg and Natalia A. Danilkina *a

Organelle targeting is an important area of research for studying organelle function and morphology,

organelle signaling, and organelle-targeted drug delivery. Here, we report the development of dual

organelle-targeted cycloalkyne reagents that can undergo click reactions with azides directly in the

organelle of choice (mitochondria and endoplasmic reticulum (ER))—mito–ER click systems. The design

of the mito–ER click systems is based on the benzothiophene-fused azacyclononyne BT9N, featuring

a mito-targeting (thiophene) and mitochondria-maintaining (thiourea) functional group, along with a

sulfonamide moiety responsible for delivery to the ER. We have demonstrated that the addition of a

mitochondrial membrane potential (MMP)-dependent mito-directing group to the reagent alters the

probe distribution towards mitochondria. Therefore, the combination of MMP-�i�ndependent groups with

the sulfonamide moiety is preferable for dual organelle targeting. The intracellular localization of the

developed mito–ER click systems in both organelles of choice was demonstrated by fluorescence

microscopy, using colocalization with ER and mito trackers, and quantified using colocalization coeffi-

cients. The intra-organelle clickability of the developed mito–ER click systems was confirmed by the

intracellular click reaction with fluorogenic azide.

Introduction

Bioorthogonal chemistry is a unique field that enables chemical
reactions to occur in biological media.1–3 An ideal bioorthogonal
transformation is a click reaction that has fast kinetics and high
chemoselectivity and is, therefore, inert towards endogenous

functional groups and the bioenvironment.4,5 Among a variety
of bioorthogonal click reactions,6 strain-promoted azide–alkyne
cycloaddition (SPAAC)7 remains one of the most well-known and
widely used transformations.

It is based on the activation of cyclic alkynes for reaction
with azides through alkyne bending (Fig. 1a).8 The most
commonly used and commercially available cycloalkynes are
DBCO,9 BCN,10 DIFO11 and the recently introduced cycloalkyne
DACN12 (Fig. 1b). These alkynes have sites for further modifica-
tion by chemical and biological functionalities. Thus they are in
great demand in the scientific community for solving different
tasks using these tools of click chemistry.

However, the interplay between structural simplicity and
sophisticated ways of regulating click reactivity has led to the
development of fascinating new structures. For example, a
series of publications devoted to the sulfamate cyclooctynes
SNO-OCT,13–16 heterocyclic analogues of dibenzocyclooctynes
called ABC17,18 and heterocycle-fused heterocyclononynes
IC9X19–21 and BT9N19,22 have described intriguing properties
of all these alkynes (Fig. 1c). It is interesting to note that not
only 8-membered (DBCO, BCN, DIFO, SNO-OCT, ABC) and 9-
membered cycles (DACN, IC9X and BT9N) can have an optimal
stability reactivity balance, but also 7-membered (TMTHSI),23
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10-membered (BINOC)24 and even 11-membered structures
(TPDY)25 can be obtained by rational design and used as SPAAC
reagents (Fig. 1c).

Mutual rational design allows the construction of intriguing
cyclic alkynes with the ability to control reactivity, stability and
functionality for the precise tasks, e.g. studying of biomolecules,26–28

developing of chemotherapeutics,29–34 investigating of cells and
organisms using bioorthogonal bioconjugation for bioimaging.35

Significant advances in bioorthogonal chemistry have enabled
the development of bioorthogonal click reagents to visualise
specific intracellular organelles and perform click reactions in
the organelle of choice.36–39 This process represent a two-step
technique (Fig. 2a). In the first step, cells are incubated with a
bioorthogonal click reagent containing an organelle-targeting
group. This causes the reagent to accumulate in the organelle of
interest. In the second step, the cargo molecule (e.g. a dye or drug)
with a complementary bioorthogonal click group is added to the
cells and the click reaction takes place in the organelle of choice.

It should be noted that the presence of an organelle targeting
group is not mandatory for the second click probe.

Recent research at the intersection of cell biology and
bioorthogonal click chemistry has led to the implementation
of ‘‘intra-organelle click-and-release’’,40–42 an approach that
enables the selective release of bioactive drugs within the
desired organelles, which in turn can lead to increased drug
activity and reduced side effects.

Organelle targeting43 and intra-organelle click44 are promising
approaches for mitochondrial cargo delivery. Mitochondria are
some of the most important intracellular organelles as they are
responsible for many biological functions, including energy pro-
duction and metabolism, maintenance of Ca2+ ion homeostasis,
modulation of reactive oxygen and nitrogen species (ROS, RNS),
regulation of apoptosis and other biological processes (Fig. 2b).45–48

Many therapeutic agents have their biotargets inside
mitochondria49–52 and improving the mitochondrial delivery of
these cargo molecules is a challenging and urgent task.53,54

Mitochondria consist of a matrix and a double-layered
bilipid membrane – an inner membrane (IMM) and an outer
membrane (OMM), with an intermembrane space (IMS)
between them (Fig. 2b). Within the matrix, the tricarboxylic
acid cycle takes place, producing the succinate and NADH+

involved in oxidative phosphorylation within the proteins of the
IMM to produce ATP in the matrix and transfer protons from
the matrix to the IMS, creating a negative mitochondrial
membrane potential.45 This principle is known as the basis
for targeting mitochondria.55,56

Several positively charged lipophilic organic cations are
known as mitochondrial targeting groups (Fig. 2c).57,58 The
attachment of such cations to probes has been widely used to
create mitochondria-targeted systems.59,60 In this way, an
inverse electron demand Diels–Alder reaction (IEDDA) of
mitochondria-targeted trans-cyclooctene fused to niclosamide
and mitochondriotropic tetrazine was used as a click-and-release
system for mito-targeting.42 Cycloalkyne-based mito-targeting
reagents were also developed for assessing mitochondrial
membrane potential (MMP)61 and delivery of molecules to
mitochondria,62 for the fluorescent visualization of mitochondria
(Fig. 2d)63,64 and for the intra-mitochondrial click assessment of
mitophagy.65

However, the use of MMP-dependent probes would be
inappropriate in cases where changes in MMP might occur as
a result of perturbations in the mitochondria and the cell in
general, due to the probe leakage effect in this scenario.

Therefore, the search for potential independent non-ionic
mito-targeting probes is of great importance. Several molecular
entities have been identified as responsible for MMP-
independent mitochondrial delivery (Fig. 2c). These include
heterocyclic amides,66 various BODIPY derivatives bearing tetra-
fluoroarylsulfanyl groups,67 sulfones,68 and other examples.56,58

It has also been proposed that the thiophene moiety69,70

facilitates mitochondrial delivery via passive probe transport,
followed by in-mitochondria sulphur oxidation and retention
of the oxidised probe within the mitochondria. Although
the metabolism of thiophene-containing pharmaceuticals to

Fig. 1 SPAAC (a) and structures of well-known (b) and newly designed
cycloalkynes (c).
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sulfoxides and epoxides, followed by interaction with intracel-
lular sulfides, is well understood,71 and the antioxidant proper-
ties of thiophene derivatives have been extensively studied,72

there has been no experimental evidence to support the sig-
nificance of thiophene oxidation in the context of mitochon-
drial targeting.69,70

In the case of MMP-dependent probes with a thiourea (TU)
moiety, an interesting but not fully understood role of TU in
maintaining the probe within mitochondria was discovered. It
has been demonstrated that some TU-containing probes can
remain in mitochondria even after MMP disruption.73 An ATP-
binding mechanism through hydrogen bonds was suggested as
the driving force for the retention of TU derivatives in
mitochondria.73–75 In addition, some TU derivatives were found
to promote mitochondrial membrane permeability by activat-
ing the permeability transition pore complex (PTPC).76

The endoplasmic reticulum (ER), a highly complex network
of tubular membranes, is considered another vital component
of the intracellular environment. The main functions of the ER
are to synthesise, transport, and regulate the majority of
proteins and lipids within cells, as well as to store and transport
the calcium ion Ca2+ throughout the cell (Fig. 2b).77–79

The targeting of probes to the ER is based on the high affinity
of compounds with sulfonylurea and other sulfonamide moi-
eties to ATP-dependent potassium channel receptors, which are
present in abundance within the ER membrane. These proteins
are responsible for the active transport of sulfonamide deriva-
tives across the ER membrane.57,80,81 Although most ER-
targeting probes contain a sulphonamide moiety, the pentafluor-
ophenyl moiety82 and other fragments83,84 have also been con-
firmed as ER-targeting groups (Fig. 2c).

Mitochondria and the endoplasmic reticulum are dynamic
compartments in a constant state of fusion and fission, and
their deregulation leads to cellular damage implicated in the
pathogenesis of neurodegenerative diseases and others.85–89

Furthermore, mitochondria–ER interactions are mediated by
specific proteins and lipids located on the membrane surface of
each organelle: mitochondria–endoplasmic reticulum contacts
(MERCs) (Fig. 2b).90–92 Mitochondria–ER communication is
fundamental to proper cellular function, and its disruption is
associated with neurological disorders.93,94

As mitochondria and the ER are communicative and inter-
related organelles, the design of click reagents for selective
targeting of both organelles (mito–ER click system) is an area of

Fig. 2 Cargo delivery to specific intracellular organelles via bioorthogonal click approach (a); structures and main functions of mitochondria, ER and
MERCs (b); mitochondria and ER directing group (c); known MMP-dependent mitochondria-targeted cycloalkyne probes, (d); mito–ER click system as a
concept of this work (e).
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high research interest. This would enable the simultaneous
study of mitochondria and the endoplasmic reticulum and the
delivery of cargo molecules to both organelles. Although several
macromolecules of protein95,96 and non-protein nature97 have
been targeted to both mitochondria and the ER, to the best of
our knowledge, targeting small molecule probes to both orga-
nelles has not yet been reported. However, dual and multi-
organelle targeting by small molecule probes is a promising
and ongoing area of research.98–101

Recently, we have demonstrated that BT9N-based fluorescent
cycloalkyne reagents are a valuable tool for the selective visualiza-
tion of intracellular N3-labelled glycans.22 In this study, we extend
the intracellular application of BT9N-based click reagents for
selective organelle targeting and intra-organelle clicking by devel-
oping mito–ER click systems (Fig. 2e). The selectivity of targeting to
both ER and mitochondria was enabled by a sulphonamide moiety
as an ER targeting group and a thiophene ring and thiourea moiety
as MMP-independent mito-directing and mito-maintaining groups,
respectively. As a proof of concept, the localisation of the fluores-
cent mito–ER click reagents in both organelles of choice was
demonstrated using confocal microscopy. The applicability of the
designed mito–ER click systems for SPAAC in both mitochondria
and ER was demonstrated using fluorogenic click.

Results and discussion

To create a cycloalkyne-based reagent capable of targeting both
mitochondria and the endoplasmic reticulum and undergoing

a click reaction directly in these organelles (mito–ER click
systems), we selected the previously developed cycloalkyne
BT9N-NH2,22 featuring a benzothiophene fused ring and a
sulfonamide moiety as mitochondrial and ER targeting groups,
respectively. To impart stronger mitochondriatropic properties
to this reagent while simultaneously functionalising it, the
cycloalkyne BT9N-NH2 was converted into the isothiocyanate
derivative BT9N-NCS using thiophosgene and then into the
series of thiourea BT9N-TU cycloalkynes 2 (Scheme 1).

Three blocks of amines were used for the synthesis of three
blocks of BT9N-TU cycloalkynes: (a) model primary amines 1a–d
and secondary amine 1e, which afforded N-alkyl BT9N-TU 2a, b,
and thioureas with additional protected amino groups 2c–e; (b)
bioactive amines such as tryptamine 1f and NH2-PEG-biotin 1g,
which gave the corresponding BT9N-TU cycloalkynes 2f, g; (c)
fluorescent amines 1h–j which provided BODIPY-linked BT9N-
TU cycloalkyne hybrids with green BT9N-TU-BDP FL 2h and red
fluorescence BT9N-TU-BDP-Th 2i and rhodamine B-containing
BT9N-TU-Rh-B 2j hybrid for the red channel.

A comparison of the two BDP FL derivatives – an amide
BT9N-amide-BDP FL and a thiourea BT9N-TU-BDP FL 2h –
would allow evaluation of the importance of the TU fragment
for the developed mito–ER click systems. It should be empha-
sized that the choice of dyes is based on both their different
emission spectra and their specific properties and structural
units. The green BT9N-TU-BDP FL 2h has the same fluorescent
unit as its amide counterpart, BT9N-BDP FL (see Fig. 3 below),
which is used for the intracellular visualization of metabolically
labelled glycans.22 The hybrid with a thiophene-substituted

Scheme 1 Synthesis of the key BT9N-NCS reagent and its converting into three groups of mito–ER click systems BT9N-TU.
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BODIPY dye, BT9N-TU-BDP-Th 2i, has an additional thiophene
ring, assumed to be a mito-MMP-independent directing group,69,70

whereas the rhodamine B hybrid, BT9N-TU-Rh-B 2j, has an addi-
tional mito-MMP-dependent directing group – rhodamine B.57,58

With all the BT9N-TU probes in hand, we turned to bio-
logical experiments to demonstrate their intracellular localisa-
tion (for experimental details see ESI,† Sections S8.1, S8.2) and
their ability to undergo a click reaction inside the organelles of
choice (mitochondria and ER) (for experimental details see
ESI,† Section S8.3).

To prove the localisation of the mito–ER click systems in
mitochondria and ER, and to demonstrate the importance of
the thiourea fragment for the dual mito–ER targeting, the
intracellular localisation of two compounds, BT9N-Amide-BDP

FL22 and BT9N-TU-BDP FL 2h, was studied in HeLa cells
(Fig. 3). Commercially available mito-tracker Red FM and ER-
tracker Red (Lumiprobe) were used to assess the intracellular
localisation of both cycloalkynes. Quantification of colocaliza-
tion was evaluated using colocalization coefficients: the Pear-
son coefficient (PC) and Manders coefficients (M1 and M2). The
overlap of the trackers with the studying probes was assessed
with M1, while the overlap of the probes with the trackers was
assessed with M2.

The data obtained showed that both amide- and TU-
containing cycloalkynes have good Pearson coefficients for mito-
chondrial colocalisation (0.83 – amide, 0.82 – TU), together with
high M2 and low M1 coefficients, indicating that in both cases,
part of the probe is distributed in some other intracellular space.

The experiments with the ER tracker red showed that the
remaining part of the cycloalkyne hybrids is mostly localised in
the ER. It is noteworthy that the TU-containing hybrid 2h showed a
higher Pearson coefficient for ER localisation (PC = 0.91) compared
to the amide-containing hybrid BT9N-�a�m�i�d�e-BDP FL (PC = 0.75).
Furthermore, the rather low M2 coefficient in the case of the
amide (0.75 – amide, 0.99 – TU) indicates an additional non-
specific type of localisation for this probe. Therefore, although
both probes showed good ER localization, the BT9N-TU-BDP FL
cycloalkyne 2h with a 4-thioureidobenzenesulfonamide moiety
(R2N-SO2-Ph-4-NH(CS)NHR) showed a higher specificity for both
mitochondria and ER organelles together and could, therefore, be
considered a mito–ER targeting probe. Similar results with demon-
strated mito–ER localisation were obtained for BT9N-TU-BDP FL
2h using HEK293 cell line (see ESI,† Section S8.2 and Fig. S28).

We then turned to the analysis of two other cycloalkyne–TU
dye hybrids, a rhodamine B 2j (BT9N-TU-Rh-B) and a thio-
phene–BODIPY 2i (BT9N-TU-BDP-Th), which contain fluores-
cent moieties assumed to be MMP-dependent and MMP-

�i�ndependent directing groups, respectively.
The Rhodamine B-containing probe BT9N-TU-Rh-B 2j showed

excellent localisation in mitochondria (values of all three coeffi-
cients were found to be around B0.95) and very poor localisation
in the ER (PC = 0.57) (Fig. 4A). This result indicates that MMP-
dependent mito-targeting groups should be considered stronger
mito-targeting groups than both MMP-�i�ndependent and ER-
targeting groups. Therefore, it is not possible to assemble a dual
mito–ER guidance system using standard MMP-dependent moi-
eties in conjunction with classical ER-targeting groups.

In the case of the additional thiophene ring-containing
probe BT9N-TU-BDP-Th 2i, an increased localisation in mito-
chondria (PC = 0.91) was observed compared to its BDP FL
analogue BT9N-TU-BDP FL 2h (PC = 0.82) (Fig. 4B).

However, the mitochondrial non-localised fraction was also
detected according to the M1 coefficient value (M1 = 0.78).
These results are in good agreement with the ER localisation
also found for this compound (PC = 0.73). This experiment
demonstrates that MMP-�i�ndependent mito-guiding moieties
can be used together with ER-guiding moieties to construct
mito–ER targeting probes. However, a precise balance between
MMP-�i�ndependent mito-guiding groups and ER-guiding groups
should be maintained.

Fig. 3 Confocal fluorescent imaging of HeLa cells incubated with the
BT9N-�T�U-BDP FL 2h (0.01 mM, 4 h) (FITC channel) (A) and BT9N-

�A�m�i�d�e-BDP FL (0.01 mM, 4 h) (FITC channel) (B) with mito-tracker Red
FM (0.05 mM) or ER-tracker Red (0.05 mM) (TRITC-Cy5 channels). Merged
images and the corresponding colocalisation coefficients were used to
assess the probes’ intracellular localisation. DIC images are provided after
merged images. Scale bar: 20 mm.
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Finally, we turned to demonstrating the applicability of our
reagents as mito–ER click systems, i.e., verifying their SPAAC
reactivity in living cells in the organelles of choice. For this
purpose, the intracellular click reaction between the non-
fluorescent hybrid BT9N-TU-Me 2a and the known non-
fluorescent but fluorogenic azidocoumarin N3-Coum 3102 was
assumed (Scheme 2). In this case, only the SPAAC product
would yield a fluorescent signal, allowing both the mito–ER
localization of the non-fluorescent probe and the ‘clickability’
of the designed reagents to be demonstrated directly in the
organelles of choice.

Prior to all cell experiments, additional tests were performed
to assess the reactivity of the BT9N-TU reagents in SPAAC and

to evaluate the stability of BT9N-TU-based reagents under
physiological conditions.

Firstly, the SPAAC reactivity of the hybrid BT9N-TU-Me 2a was
evaluated and compared with that of the non-functionalised
cycloalkyne BT9NTs.19 The second order rate constants of SPAAC
between two studied cycloalkynes and the standard azide for
comparing the reactivity of different alkynes – benzylazide – were
found to be similar for both probes (kBT9NTs = 3.53� 10�3 M�1 s�1;
kBT9N-TU-Me 2a = 3.06� 10�3 M�1 s�1, DMSO-d6, 1H NMR, for details
see ESI,† Sections S2.5.1 and S5). This is sufficient reactivity for the
click reaction to occur under physiological conditions with mini-
mal side reactions with the bioenvironment. We then moved on to
the model click reaction between the studied BT9N-TU-Me 2a
and the fluorogenic azidocoumarin N3-Coum 3. This reaction
proceeded easily, even at room temperature, in the dark, yielding,
as expected, a mixture of two isomeric fluorescent triazoles 4a and
4b (see Scheme 2 for the chemical structures of triazoles 4a and 4b,
and see the ESI,† Sections S2.5.2 and S3 for additional details).

It should be noted that, despite azidocoumarin N3-Coum 3
having been known for twenty years102 and used for synthesis-
ing fluorescent triazoles103 and for fluorogenic click reactions
in cells,104,105 to the best of our knowledge, no information has
been provided regarding the sensitivity of this azide to direct
sunlight and laser excitation. We have demonstrated that this
probe must be used in a way that prevents contact with light
and avoids several excitations during fluorescent measurement
(see ESI,† Section S4).

Secondly, we investigated the stability of BT9N-TU-based
reagents under physiological conditions. Two experiments were
performed. In the first experiment, we analysed cell lysates
obtained after the incubation of HeLa cells with BT9N-TU-BDP
FL 2h (10 mM, 24 h) (see ESI,† Section S6). No metabolites were
found by UHPLC–UV–MS analysis of the lysates. Only the signal
of native BT9N-TU-BDP FL 2h was detected.

The second experiment investigated the reactivity of three
BT9N-TU probes – BT9N-TU-Me 2a, BT9N-TU-BDP FL 2h, and
BT9N-TU-BDP-Th 2i towards glutathione and human globin
(see ESI,† Section S7). Solutions of the probes studied in
ammonium bicarbonate buffer (pH 7.2) alone and in the
presence of glutathione (GSH) and human hemoglobin (HHb)
were incubated at 37 1C for 3 and 24 hours and then analysed
by MALDI mass spectrometry. It was estimated that all the
probes studied do not form adducts with HHb, even after
24 hours of incubation with different amounts of HHb. In the
case of the two samples, BT9N-TU-Me 2a and BT9N-TU-BDP-Th 2i,
their GSH-monoadducts were detected after 3 hours of incubation.
However, the intensities of the adduct signals were very low
compared to unmodified cycloalkynes; therefore, most of the
cycloalkyne amount remained unchanged under the studied
conditions.

In addition, we have demonstrated that BT9N-TU-Me 2a,
BT9N-TU-BDP FL 2h, BT9N-TU-BDP-Th 2i, and BT9N-TU-Rh-B
2j are non-toxic to HeLa and HEK293 cells at concentrations
ranging from 0.1 mM (see ESI,† Section S8.5).

We were now ready to perform the intracellular SPAAC
reaction between BT9N-TU-Me 2a and the azidocoumarin

Fig. 4 Confocal fluorescent imaging of HeLa cells incubated with the
BT9N-TU-Rh-B 2j (0.1 mM, 4 h) (TRITC-Cy5 channels) (A) and BT9N-TU-
BDP-Th 2i (TRITC-Cy5 channels) (0.01 mM, 4 h) (B) with mito-tracker
Green (0.05 mM) or ER-tracker Green (0.05 mM) (FITC channel). Merged
images and the corresponding colocalisation coefficients were used to
assess the probes’ intracellular localization. DIC images are provided after
merged images. Scale bar: 20 mm.
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N3-Coum 3 directly in the organelles of choice in living HeLa
cells (see ESI,† Section S8.3). Cells were first incubated with the
alkyne probe 2a, washed thrice, and then treated with a 10-fold
excess of the fluorogenic azide 3. After a further 3 hours of
incubation with azide 3 in the dark, a strong fluorescence
signal was observed, detectable in both the green and blue
channels, indicating the formation of fluorescent triazoles.
Mito-Red and ER-red trackers were used to demonstrate the
mitochondrial and ER localisation of the fluorescence. The
overlaid fluorescence images, together with the corresponding
colocalisation coefficients, are shown in Fig. 5.

The data obtained showed good colocalisation coefficients
for the formed triazoles (FITC channel) with the emission for

both mito-RED (PC = 0.80) and ER-red (PC = 0.90) trackers
(Fig. 5) (TRITC-Cy5 channels). The PC values obtained agree
well with the data obtained for the fluorescent cycloalkyne
probe BT9N-TU-BDP FL 2h (Fig. 3). The same trend as for
BT9N-TU-BDP FL 2h was observed for the Manders coefficient
in the case of the fluorogenic click experiment (Fig. 5).

The same fluorogenic in-organelle click-reaction using BT9N-
TU-Me 2a and N3-Coum 3 was run for HEK293 cell line (see ESI,†
Section S8.3 and Fig. S29) that confirmed applicability of the
designed reagents for the non-cancerous cell line as well.

Finally, the data obtained from all the assays with BT9N-TU-
Me 2a clearly demonstrate the localisation of non-fluorescent
cycloalkyne probes in the organelles of choice (mitochondria

Scheme 2 Schematic representation of SPAAC between the developed mito–ER click system BT9N-TU-Me 2a and the fluorogenic azide N3-Coum 3
directly in the organelles of choice.

Fig. 5 Confocal fluorescent imaging of HeLa cells incubated with BT9N-TU-Me 2a (0.1 mM, 4 h), washed, and then incubated with N3-Coum 3 in the
dark (1 mM, 3 h) in DAPI and FITC channels for click products 4a and 4b. Mito-tracker Red FM (0.05 mM) or ER-tracker Red (0.05 mM) (TRITC-Cy5 channels)
were then added to the sample. The last row represents the images of the sample without any trackers. Merged images (all channels) and the
corresponding colocalisation coefficients (FITC and TRITC channels) were used to assess the intracellular localisation of the click probes. DIC images are
provided after merged images. Scale bar: 20 mm.
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and ER) and the ability of the developed mito–ER-targeting
cycloalkyne reagents to undergo the SPAAC reaction in these
organelles. Therefore, the developed novel cycloalkyne reagents
can be considered as efficient mito–ER click systems for various
intra-organelle (mitochondrial and endoplasmic reticulum)
applications.

Reagent BT9N-TU-Me 2a was also used to evaluate the cellular
response on the developed mito–ER click systems as changing the
overall mitochondria mass and mitochondria morphology using
the MitochondriaAnalyser plugin in ImageJ software.106 We have
shown that BT9N-TU-Me 2a at a concentration of 0.1 mM did not
induce mitochondrial changes, i.e. average mitochondrial num-
ber and mitochondrial area remained unchanged both before and
after in-mito–ER click reaction (see ESI,† Section S8.4 and
Fig. S31). At the same time, at higher concentrations of BT9N-
TU-Me 2a (1 and 10 mM) even without click reaction, we observed
changes in mitochondrial morphology. This results correlates well
with the acceptable viability in MTT assay for BT9N-TU-Me 2a.

Conclusions

In this study, novel dual organelle (mitochondria and endoplas-
mic reticulum) targeting click reagents were developed that can
deliver cargo molecules to both organelles and undergo the
SPAAC click reaction directly within the organelles of choice.
Therefore, the family of these new cycloalkyne probes has been
termed ‘‘mito–ER click systems’’. The multifunctional construc-
tion of cycloalkyne reagents is based on the benzothiophene-fused
azacyclononyne core (BT9N), which already features both mito-
(thiophene) and ER-(sulfonamide) directing groups within the
cycloalkyne scaffold. To provide cycloalkyne reagents with stron-
ger mitochondriatropic properties and to introduce a function-
ality for the attachment of a cargo molecule, an isothiocyanate
group was incorporated into the structure. The NCS group was
then interconverted into a thiourea fragment, a mitochondria-
maintaining group. The formation of thiourea allowed the simul-
taneous attachment of a model ligand or cargo molecule to the
system. The dual mito–ER localisation of the designed reagents
with a fluorescent tag was demonstrated using commercially
available mito- and ER-tracker, while the ability of the mito–ER
click systems to undergo intra-organelle SPAAC was demonstrated
using a fluorogenic azide probe. We also found that in order to
target both organelles of choice – mitochondria and ER – a
delicate balance between MMP-�i�ndependent mito- and ER-
directed groups should be maintained. The use of standard
MMP-dependent cationic mito-directing groups does not allow
targeting of both selected organelles. The designed mito–ER click
systems represent an MMP-independent dual mito–ER intracel-
lular pipeline, which is of great importance for the further
development of intra-organelle targeting drug delivery.
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S. Resa, J. M. Paredes, C. Ripoll, M. D. Girón, R. Salto,
J. M. Cuerva, A. Orte and D. Miguel, Dye. Pigment., 2020,
183, 108649.

70 C. Ripoll, P. Herrero-Foncubierta, V. Puente-Muñoz,
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