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The development of "non-natural” chemical reactions inside living organisms is an expanding field of
research. In this area, metal-based catalysis has been particularly scrutinised. However, most examples of
catalysts developed so far are based on expensive and rare heavy metals such as ruthenium, iridium or
palladium. For this reason, the development of catalysis in cells or in vivo with more accessible first-row
metals is of great interest and could significantly increase the catalogue of reactions applicable in these
complex environments. Herein, we demonstrate that encapsulating copper() N-heterocyclic carbene
(NHC) catalysts inside the cavity of modified cyclodextrins, renders these notoriously toxic complexes

harmless towards CT26 cells at high concentrations. Nevertheless, the catalytic activity of cyclodextrin
Recelved 2o June 2025 (CD)- lated NHC- lexes | d, allowing the deprotection of pinacol boronat
Accepted 22nd September 2025 encapsulate copper complexes is preserved, allowing the deprotection of pinacol boronate

ester groups outside and inside living cells to release phenol-based fluorophores. In cells, the production

DOI: 10.1035/d5sc04711k of fluorophore in the presence of CD-NHC-copper catalysts outperforms that induced by the cellular
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Introduction

The development of metal-based catalysts has greatly expanded
the toolbox available for synthesis in organic solvents and in
water."™ In the last decades, several research groups have
investigated the applicability of well-established metal-
catalysed reactions in more complex biorelevant environ-
ments, hoping to catalyse transformations that are yet to be
seen in living organisms.>® There are many challenges to over-
come for the application of metal-based catalysts in living
systems such as cells, the most common being deactivation by
natural chelators,” unwanted toxicity,® and lack of direct quan-
titative methods to observe the incorporation of the compounds
and to determine reaction conversions.” Consequently,
although there are many examples of metal-based catalytic
systems tested in biologically relevant conditions, involving
nanoparticles,'™" or discrete metal complexes,'*"* examples of
application in living cells and organisms remain scarce.***®
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machinery alone and endogeneous ROS.

The most successful examples of catalysis in cells rely on
ruthenium, iridium and palladium-based catalysts, which are
rare and expensive metals from the second and third row. By
comparison, the use of first-row metal complexes remains much
less developed.®*® Here, a major additional challenge is the
natural occurrence of some of these elements in cells and the
existence of complex cellular mechanisms to regulate their
levels.”>** In 2012, Meggers and co-workers reported an example
of Fe'"-based discrete catalyst, which operates an azide reduc-
tion in the presence of thiols and which was found be active in
HelLa cells.”® Copper, another first-row metal, and its complexes,
have also been studied. In this case, one of the strategies to
avoid catalyst deactivation and reduce toxicity for the duration
of in-cell experiments was to develop orthogonal reactions that
are faster than unwanted competitive reactions of the metal
with certain cell components.'” Taran and co-workers described
in 2014 copper-catalysed azide-alkyne cycloadditions (CuAAC)
using a copper-chelating azide based on tris(triazolylmethyl)
amine scaffolds, which leads to very fast reactions and requires
only one equivalent of CuSO, per reaction, thus increasing
biocompatibility. This system was successfully applied to
a CuAAC reaction in HuH-7 human cancer cells.”® Without
using a chelating azide, the CuAAC reaction was first found to
be much more sensitive to intracellular components, and in
particular to the high concentrations of GSH.*® Later on,
however, Mascarefias and coworkers reported efficient CuAAC
reactions in HeLa and A549 human cancer cells by using
premade discrete tris(triazolylmethyl)amine copper complexes
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and abiotic small and freely diffusible alkynes and azides.*® In
2021, another copper-catalysed life-compatible abiotic reaction
was reported by the same group, who described N-H carbene
insertion reactions in HeLa and MCF7 cells using Cu(OAc), to
generate benzoquinoxalines.”?” Interestingly, Cu(OAc), showed
only significant cytotoxicity at 100 pM against HeLa cells after
24 h incubation.”” These examples demonstrate that copper is
a promising element for the design of biorthogonal metal-based
catalysts, but has not yet been fully exploited in living organ-
isms. It should be noted that the diversity of copper-catalysed
reactions and copper ligands that have been used in cells
remain very limited.

Another strategy to enhance the biocompatibility of metal
complexes is based on the encapsulation within a host such as an
enzyme, a cage, or a cavity.”*** By studying reactions in cell-like
media and/or in the presence of GSH, it was found that encap-
sulation improved the tolerance of the metal (Cu, Au) to endog-
enous nucleophiles, and sometimes even increased the yield of
the reactions.'”**** However, this strategy has not been validated
in cells. For these reasons, we decided to focus our attention on
the use of “stealth” discrete copper(i) complexes, that could
operate in cells without interfering with the intracellular copper
machinery or with endogenous chelating agents. Our approach
involves embedding of copper(i) complexes into cyclodextrins
(CDs) as molecular containers reminiscent of enzyme active sites.

Some of us previously reported N-heterocyclic carbenes
(NHC)-capped CD-metal complexes,***” named [(ICyD™*)[M]],
based on permethylated CDs which makes them water soluble
and in which the metal centre is encapsulated in the CD cavity
(M = Au', Ag', Cu'). Although deeply encapsulated, the metal
centre is still catalytically active, and gold and silver complexes
were shown to catalyse various transformations in pure
water.*** In particular, [(B-ICyD™®)AuCl], derived from B-CD,
was found to be an efficient catalyst for enantioselective cyclo-
isomerization and hydroxylation-cyclization reactions.*® In the
present study, we hypothesized that (ICyD™¢)-based copper(i)
complexes 1 and 2 (Fig. 1) should similarly be active catalysts for
transformations in aqueous media, and thanks to metal
encapsulation, could behave as biocompatible copper catalysts
to allow catalysis in cells with low toxicity.

In the field of in cell catalysis, one of the most studied reac-
tion is the deprotection of a fluorophore within cells through
a cleavage reaction.'®"® This approach enables the reactions to be

(a-ICyDMe)cucl (1)
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Table 1 ICsq values calculated for complex 1, 2, NHC—-CuCl, CuSO4
and cisplatin in CT26 murine cells after an incubation period of 48 h in
DMEM medium

Compound 1 2 NHC-CuCl CuSO, Cisplatin

ICs (LM) >100 >100 0.56 £+ 0.01 >100 4.14 £ 0.45

monitored directly and in real-time by measuring fluorescence.’
To the best of our knowledge, only one example with Cu', using
a tris(triazolylmethyl)amino copper(i) catalyst was reported by
Chen and coworkers in 2019 for the cleavage of an internal
propargyl carbamate linker.** However, the authors noted that
the intracellular environment (i.e. high levels of GSH) could
inhibit the reaction, and the study focused on targeted trans-
formations on the surface of cancer cells. Interestingly, the
methodology was applied to release the phenol-based drug eto-
poside. Many fluorescent dyes and drugs contain phenol
units,*>** but the release of such function through in cell metal-
catalysis has been mainly performed with Pd and Ru, which
trigger the cleavage of terminal allyl, propargyl, or allylcarba-
mates groups.'®'”*~**> Another interesting masking group for the
phenol function is the pinacol boronic ester (Bpin), which can
regenerate the phenol via an ipso-hydroxylation deborylation
reaction. This reaction can be triggered in cells by reactive oxygen
species (ROS) (0,", H,0,, peroxynitrite ONOO ) and various
profluorophores for ROS detection in living organisms,*** or
prodrugs,*>* have been designed based on this transformation.
Boronate esters are biocompatible and have been previously used
for Suzuki-Miyaura couplings catalysed by Pd-containing NPs in
mammalian cells.*® On the other hand, several copper-based
catalytic systems operating in water have been reported for the
conversion of ArBpin compounds into phenol derivatives.*>>*

In this study, we demonstrate the suitability of CD-encap-
sulated copper(i) complexes 1 and 2 as catalysts for deprotection
of fluorescent dyes masked by pinacol boronic ester groups in
complex cell culture media and in cell. We further show that the
encapsulated Cu' complexes can outperform the cellular
machinery to convert boronic esters into phenol-based dyes,
a reaction that can be competitively triggered by intracellular
ROS. Overall, this work opens new perspectives for safe and
precise catalysis in living cells with transition metals of the first
row, for naturally occurring ones.

(B-ICyDMe)cucl (2)

Fig.1 Water-soluble CD—NHC—-copper(l) complexes [(a-ICyDM®)CuCl] (1) and [(-1CyD™®)CuCl] (2) based on permethylated cyclodextrins, used

in this study.
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Fig.2 (a) Copper-catalysed ipso-hydroxylation deborylation reaction;
(b) principle of the self-immolative linker used in FBBBE pro-
fluorophore. FBBBE = fluorescein bis(benzyl boronic ester).

Table 2 Oxidation of the C—B bond catalysed by [(ICyDM®)CuCl]
complexes in water

0
Ph—B]
0

[Cu] cat. 1 or 2 (1 mol%)

- ) PhOH
NEt; (1 or 0 equiv.), D0, 20 °C, air
3 (away from light) 4

[Cu] NEt; % of4at24 h® %of4at48h” % of4at72h”
1 1 equiv. 25 70 81
2 1 equiv. 47 91 >95
CuSO, 1equiv. 55 87 >95
1 — <5 <5 <5
2 — 12 13 13
CusO, — <5 <5 6
“% determined by 'H NMR. For reactions with NEt; (fully

homogeneous), the percentage represents the percentage of phenol (4)
formed by comparison with the residual PhBpin (3). For reaction
without NEt;, which are heterogeneous due to the low solubility of 3,
butadiene sulfone was used as an internal reference (see SI).

Results

For our study, two water-soluble copper complexes [(a-ICyD™)
CucCl] (1) and [(B-ICyD™*)CucCl] (2), with two different CD cavity

sizes, were synthesized as previously reported by some of us.*

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Cytotoxicity of encapsulated [(ICyD™®)CuCl] complexes

Complexes 1 and 2 are based on an NHC-Cu complex encap-
sulated in a CD. It has been widely demonstrated that “clas-
sical” non-encapsulated NHC-copper(i) complexes can exhibit
very high cellular cytotoxicity, superior to that of cisplatin,
reaching tens of nanomolar levels on MCF-7 cancer cells.***” To
evaluate the level of cytotoxicity of CD-encapsulated NHC-
copper complexes 1 and 2, we determined the cell viability on
murine colon cancer CT26 after incubation for a period of 48 h
with increasing concentrations of copper complexes from 0.01
to 100 uM. A non-encapsulated NHC-copper(i) complex NHC-
CuCl (IPrCuCl, see Fig. S3B), cisplatin and CuSO, were analysed
under the same conditions for comparison. Cell viability was
quantified by fluorescence using the resazurin assay. The
results presented in Table 1 show that CD-encapsulated cop-
per(i) complexes exhibit negligible cytotoxicity against CT26
cells after a relatively long incubation period (48 h), with ICs,
values above 100 uM for both 1 and 2. Under these conditions,
cell viability is around 56-75% for 1 and 60-82% for 2 (see
Fig. S3A). Compared to the non-encapsulated NHC-copper(i)
complex NHC-CuCl, which exhibits high cytotoxicity, these
results clearly demonstrate the advantage of embedding the
NHC-Cu(1) unit within a cavity. This protective encapsulation
reduces toxicity and confirms that complexes 1 and 2 may serve
as suitable copper catalysts for in-cell applications. It should be
noted that various copper(u) salts such as CuSO,, CuO or
Cu(OAc), have been reported to have moderate to low cytotox-
icity,””® the latter depending on the cell line. Here, we observe
that CuSO, has a low toxicity on CT26 murine cells.

Ipso-hydroxylation deborylation reaction catalysed by
[(ICyDM®)CuCl] in water

Arylboronic acids ArB(OH), and boronic esters can be converted
into phenols using mild oxidants such as H,0,.** Metal-
catalysed systems have also been developed, for which partic-
ular attention has been paid to the design of aerobic systems
that operate with molecular oxygen, in order to use air as the
oxidant, rather than H,0,.”7* Our attention was caught by
a copper(n)-based catalytic system reported by Hu and
coworkers, allowing oxidative hydroxylation of arylboronic acids
under air and in water, which involves CuSO, and 1,10-phe-
nanthroline as a ligand.** Copper(1) species were also found to
catalyse the reaction.*® This system has been used to convert
arylboronate esters, such as PhBpin (3), to phenol (4) (Fig. 2a).
Therefore, we wondered whether the same type of reaction
could be applied by using encapsulated [(ICyD™€)CuClI]
complexes 1 and 2 to the aerobic deprotection of relevant
fluorescent dyes masked by pinacol boronic ester groups, such
as FBBBE, which has been previously described.®* This pro-
fluorophore includes the self-immolative linker BBE (Benzyl
Boronate Ester), which is cleaved after oxidation of the C-B
bond (phenol formation) to give fluorescein (Fig. 2b).

The catalytic activity of encapsulated [(ICyD™€)CuClI]
complexes 1 and 2 was first tested in the transformation of
PhBpin (3) into phenol (4) as a model reaction with the aim of
developing a system operating in water and under air

Chem. Sci., 2025, 16, 19727-19736 | 19729
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Fig.3 Internalisation of copper in cells treated (A) with [(e-ICyD™M®)CuCl] (1) and [(B-1CyDM®)CuCl] (2) compared to non-treated cells for 48 h; (B)
with [(B—ICyDMe)CuCl] (2) or CuSO4 compared to non-treated cells for 4 h.

atmosphere, and at a catalyst loading as low as possible, and
compared to that of CuSO,. The generation of phenol 4 was
monitored in D,O by "H NMR at 24, 48 and 72 h (see SI). The
results, presented in Table 2, showed that both complexes 1, 2,
and CuSO, catalysed the reaction in pure water with conver-
sions reaching 81 to >95% after 72 h by using only 1 mol% of
copper, thus demonstrating that copper(i) encapsulation was
not detrimental to catalysis efficiency. By comparison with 1,
catalyst 2, derived from the larger f-CD, is more active, leading
to 91% conversion after 48 h and a complete conversion after
72 h. CuSO, has a similar efficiency as 2. The reaction requires
the presence of a base to achieve optimum conversion, which
was obtained with 1 equiv. of NEt;. Hydroxide ions were found
to be less favourable.?*** In the absence of NEt;, no formation of
4 was detected with complex 1 or CuSO,. Interestingly, we found
that complex 2 could be active without a base, although the
yield (13%) was lower than under optimum conditions.

Having demonstrated that well-defined [(ICyD™®)CuCl] cop-
per(1) complexes can be used for the aerobic ipso-hydroxylation
deborylation reaction of 3 in water, we turned our attention to
the activation of FBBBE under the optimized catalytic condi-
tions. However, the solubility of FBBBE in pure water is very low,
and we were not able to detect any conversion under these
conditions. Consequently, as detailed later, the potential of
copper complexes to activate FBBBE was directly evaluated in
cell cultures with DMEM as cell culture medium.

Internalisation and stability studies

Prior to cellular tests, we assessed the internalisation of the CD-
derived Cu' complexes and CuSO, in CT26 cells after incubation
using cell fractionation followed by quantification using
Inductively Coupled Plasma Mass Spectrometry (ICP-MS), as
previously performed by some of us with osmium, ruthenium
and rhenium complexes.®*™*” Such studies have been performed
on metal complexes of the second or third row. However, to
perform such experiments with copper-based compounds poses

19730 | Chem. Sci, 2025, 16, 19727-19736

an additional challenge. Copper is a metal that is naturally
present in human cells, making necessary to ascertain that the
copper concentration between non-treated cells and treated
cells is significantly different to be able to conclude on the
internalisation of the compounds. As a matter of fact, recent
copper-based cytotoxicity studies did not study the localisation
of the complexes by ICP-MS,*”**% except for Shad Gul et al. who
successfully localised their complexes in the cytosol.” Their
encouraging results motivated us to use this technique for our
complexes.

Internalisation studies show that the copper concentration
inside CT26 cells is up to six-fold higher with [(B-ICyD™¢)CuCl]
(2) compared to the control (non-treated cells) after 48 h of
incubation. However, there is almost no detectable copper
concentration difference between the control and [(o-ICyD™®)
CuCl] (1) (Fig. 3). NMR over time of complex 2 in D,0 showed
that it was stable at >94% after 4 h. In the buffer solution
(DMEM), UV-vis spectroscopy indicate that 2 remains stable for
up to 4 hours of incubation (see SI, Fig. S6 and S7). Based on
this, internalisation studies with [(B-ICyD™€)CuCl] (2) were
repeated after 4 hours of incubation and compared to CuSO,
(Fig. 3B). The data show that copper is internalised in compa-
rable amounts using either 2 or CuSOj,.

Given the catalytic, internalisation and stability results, we
chose to proceed exclusively with catalyst 2.

Catalysis in the presence of living cells

Catalyst 2 was therefore used to operate catalysis in the pres-
ence of cells. To assess its efficiency, we studied the depro-
tection of FBBBE catalysed by copper by monitoring the
fluorescence intensity in cell cultures at different time points.
We compared the efficiency of catalyst 2 vs. CuSO,, and vs. the
cell innate oxidative ability. Control experiments included wells
with (i) cells only, acting as a double negative control; (ii)
catalyst 2 only; (iii) FBBBE only and (iv) CuSO, only. The
experiments with FBBBE and catalyst and FBBBE and CuSO,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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At t= 2 h incubation of the catalyst

A Fluorescence intensity before wash

B Fluorescence intensity after wash
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Fig.4 Bar charts detailing the fluorescence intensity of every tested condition for measurements after 2 h (top) or 4 h (bottom) incubation of the
catalyst, before (A) and after (B) wash and at t = 24 h after the wash (C).

were thus performed in regard of all these controls. To average
the value, each condition included 36 samples in parallel. This
set of experiments was repeated three times, to assess the
reproducibility of the protocol and increase significance of
small variations (Fig. 4 and S8). The significance or non-
significance of the data was determined by calculating the p-
value between data sets (Tables S1 and S2).

In all experiments, CT26 cells were incubated for 24 h, then
treated with 50 uM of FBBBE, if appropriate, and incubated
overnight, and then treated with 100 uM of catalyst 2 or CuSO,
and then incubated for either 2 h or 4 h. After this incubation
period, cells were washed and then incubated for 24 h and
fluorescence measurement was performed (Fig. 4 and S8).

Fluorescence intensity measurements, regardless of incu-
bation time, consistently reveal a significant difference between
FBBBE-treated cells and the three control groups lacking

© 2025 The Author(s). Published by the Royal Society of Chemistry

FBBBE. These results demonstrate that FBBBE undergoes
deprotection in cells without the need for an external catalyst,
likely via reaction with endogenous H,O,." Notably, before
washing the cell medium, the use of the CD-based catalyst 2
leads to a pronounced fluorescence enhancement (1426 + 118
a.u.), and to a lesser extent when using CuSO, (1190 + 225 a.u.),
compared to the fluorescence without copper (1071 £+ 187 a.u.),
indicating that copper catalysts accelerate the deprotection
reaction and thereby increase fluorescence intensity. These
findings clearly show that encapsulated catalyst 2 effectively
activates the FBBBE profluorophore through deprotection in
the complex cellular environment. After washing the cells, this
difference in fluorescence intensity is no longer present, and
the overall fluorescence intensity drops from an average of 1426
+ 118 a.u. (for dye + 2, 2 h incubation) to 633 £ 86 a.u. for all
cells. This suggests that a good proportion of the fluorescence

Chem. Sci., 2025, 16, 19727-19736 | 19731
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Fig. 5

Intracellular fluorescence of fluorescein of CT26 cells treated only with FBBBE (a) or with FBBBE and 2 for 2 or 4 h (b and c, respectively),

or with FBBBE and then with CuSO, for 2 or 4 h (d and e, respectively) by confocal microscopy. Cells were imaged live following incubation with
FBBBE (yellow), Cu() complex 2 (not fluorescent), and then with Hoechst 33342 (cyan). In each line, the first panel (from left to right) is the
fluorescein signal (yellow), the second panel is the nuclei image (cyan), the third panel is the merge of fluorescent channels, the fourth is the
bright field image, the fifth is the merge of all the channels, and the sixth is a zoom of the merge of fluorescent channels. Scale bars are 40 um for

the non-zoomed images and 10 um for the zoomed images.

observed before the wash was coming from the extracellular
media, that contained the dye and, when present, a copper
catalyst. We then incubated the cells for an extra 24 h and
witnessed an increase in the overall fluorescence of the cells
that contained the dye (last 3 bars of Fig. 4 charts). This
increase, up to 936 + 98 a.u., suggests that the fluorescence is
now coming from the uncaging reaction of FBBBE that is taking
place inside the cells. This was later confirmed by confocal
microscopy (Fig. 5).

At this stage, we focused mainly on the differences of fluo-
rescence intensity measured at 24 h after cells wash and
whether they were statistically significant. As stated above, we
repeated the whole set of experiments three times (Fig. S8) and
examined the significance of the differences in intensity for
each set (Table S2). The fluorescence intensity results shown in
Table S2 confirm the reproducibility of the results obtained in
Fig. 4. First, the difference in fluorescence intensity between the
cells that were not treated with the dye (controls 1, 2 & 3) and
those that were treated, is always significant (Table S2
column 1). A significant difference, although smaller, was also
observed between cells treated with the dye-only control and
those treated with the dye in combination with a copper

19732 | Chem. Sci, 2025, 16, 19727-19736

catalyst, whether complex 2 or CuSO,. These results show that
adding copper to the cell is enhancing the cellular machinery
for the deprotection of the dye. Furthermore, since complex 2 is
as non-toxic, as easily internalised, and as efficient a catalyst as
CuSO,, we believe it is the actual catalyst responsible for the
reaction inside cells. Consequently, we show that encapsulation
of an NHC-Cu' complex in the cavity of a CD prevents its cyto-
toxicity yet allows reactivity inside cells.

Confocal microscopy experiments were conducted to observe
the fluorescence inside the cells. In these experiments the
measurements were performed after a 2 h or 4 h incubation of
the catalyst, a cell wash, and then a 24 h incubation period.
Fluorescence of the dye (yellow) is always visible from inside the
cells in all experimental conditions (Fig. 5). This confirms that
the cell wash performed before a 24 h incubation period
successfully removes all unwanted fluorescence coming from
the uncaging reaction happening outside the cells (see Fig. 4
and Table S2 significant). We can therefore confidently
conclude that the fluorescence intensity measurements pre-
sented in Fig. 4 and summarised in Table S3 are from the
uncaging reaction taking place inside the cells only.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Conclusion

In this study, we have successfully developed copper catalysis in
complex cell culture medium and in cells with encapsulated
NHC-copper(i) catalysts. To achieve this we used water-soluble
[(ICyD™*)CuCl] complexes which are based on NHC-capped CD
ligands, featuring a cavity reminiscent of enzyme active sites.
The ICs, of these complexes was measured on CT26 cells and
compared to a non-encapsulated NHC-copper(i) complex.
Contrary to the highly toxic standard NHC-Cu(1) complex, the
encapsulated complexes [(ICyD™®)CuCl] showed no toxicity at
all. This remarkable feature of the encapsulation makes them
suitable for catalysis in cells. The catalytic properties of two
complexes 1 and 2, derived from o and B-CD, respectively, were
first studied in water, under different conditions. Their ability
to transform arylboronic esters into phenol derivatives was
demonstrated. Internalisation studies showed that 2 was more
efficiently taken up by cells. In-cell uncaging tests on a fluores-
cein dye, protected by pinacol boronic ester groups (FBBBE)
were performed inside CT26 cells with the CD-encapsulated
copper(i) catalyst [(B-ICyD™®)CuCl] (2). A series of experiments
with precise controls demonstrated that the fluorophore
deprotection is accelerated in the presence of the catalyst in the
complex cell culture medium as well as within the cells.
Confocal microscopy clearly shows the fluorescence inside the
cells that were incubated with the fluorophore and catalyst.
Overall, we determined that: (i) the encapsulation within a CD
cavity reduces the toxicity of the NHC-copper while keeping its
reactivity; (ii) the size of the cavity influences catalytic activity,
with o-CD-derived catalysts inducing reactions
compared to those derived from B-CD, which underscores the
importance of the cavity in catalysis; (iii) most importantly, we
demonstrate for the first time that encapsulating a first-row
metal within a CD enables catalysis inside a living organism.

This breakthrough paves the way for developing new first-
row metal-based catalysts for applications in living organisms.
These results are a strong incentive for the use of encapsulation
strategies to protect the metal centres from natural chelators
and reduce their innate toxicity while keeping a catalytical
activity. Furthermore, the encapsulating structure can be used
as a support to bind targeting moieties, allowing for the specific
delivery of the active copper centre. This can have applications
in cellular imaging or co-localisation studies and eventually
could be considered for in situ pro-drug activation.
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