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Bioorthogonal Phosphorogenic Rhenium(l) Polypyridine
Sydnone Complexes for Specific Lysosome Labeling

Justin Shum,” Pei-Zhi Zhang,” Lawrence Cho-Cheung Lee,” and

Kenneth Kam-Wing Lo** "

Many novel bioorthogonal reactions have been developed for
labeling, such as the strain-promoted sydnone-alkyne cyclo-
addition (SPSAC), but sydnone-based probes with phosphor-
ogenicity (i.e., phosphorescence turn-on upon reaction) have
not been investigated to date. Herein, we report the synthesis,
characterization, and photophysical properties of rhenium(l)
polypyridine complexes containing a sydnone moiety as
bioorthogonal phosphorogenic probes. Their reactions with
strained alkyne derivatives and the associated photophysical
changes were examined. Upon SPSAC with bicyclo[6.1.0lnon-4-

Introduction

Bioorthogonal reactions have been of considerable interest for
the design of novel diagnostic and therapeutic agents. These
selective chemical reactions can proceed even under complex
biological environments without disruption of native
processes.” Although there has been much success in the
development of bioorthogonal handles such as azide,”
tetrazine, and nitrone,”’ expansion of the bioorthogonal
toolbox is still required to allow for greater biological
applications and functionality to address crucial medical issues.

Sydnones are mesoionic compounds that are able to
undergo thermal 1,3-dipolar cycloadditions with alkynes.”
Unfortunately, the sydnone cycloaddition with alkynes requires
harsh conditions such as high temperatures for long periods of
time and would have poor regioselectivity on the resulting
pyrazole products.” Conversely, the strain-promoted sydnone-
alkyne cycloaddition (SPSAC) (Scheme 1) has been shown to
readily undergo formation of pyrazole products under ambient
conditions.” Notably, modification of the sydnone moiety on
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yn-9-ylmethanol (BCN-OH), the complexes exhibited emission
enhancement in the range of 8.8 to 17.3. Importantly,
conjugation of the complexes with BCN-modified bovine serum
albumin (BCN-BSA) led to the increase in emission
enhancement to as high as 38.9 and extended lifetimes in the
range of 1.80 to 4.71 ps. Additionally, the bioorthogonal ligation
of one of the complexes with a morpholine derivative was
shown to induce specific lysosomal labeling in live cells;
colocalization studies with LysoTracker Deep Red indicated a
Pearson’s coefficient of 0.83.
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Scheme 1. SPSAC reaction of a sydnone moiety with a strained alkyne
leading to the formation of a pyrazole derivative and the subsequent release
of a CO, molecule.
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the position N-3 and C-4 of the heterocyclic ring offers the
capability to tune the reactivity based on the prevalent
substituent.”” Combined with the emission quenching potential
of the sydnone functionality, we believe that the SPSAC
reaction is an effective tool for the development of lumino-
genic-based probes for both invitro and invivo imaging.
Although various sydnone-based fluorogenic bioorthogonal
handles and probes have been synthesized based on organic
dyes such as coumarin™ napthalimide™ and styryl-
pyridinium,"? the exploitation of the quenching properties of
the sydnone moiety for new phosphorogenic probes has not
yet been investigated. Based on the fact that selective
bioconjugation has been achieved with transition metal com-
plex-catalyzed organic transformation reactions and with our
interest in the use of photofunctional complexes in the
development of bioorthogonal handles and imaging probes,"
we have recently reported new luminescent iridium(lll) com-
plexes appended with a sydnone moiety as bioorthogonal
handles for cellular imaging." These iridium(lll) complexes are
always luminescent and display environment-sensitive emission
properties. Contrary to this, our new design focuses on
bioorthogonal phosphorogenic probes, which utilizes 3-phenyl-
4-(4-pyridyl)sydnone (py-syd-ph) as the pyridine ligand for our
rhenium(l) polypyridine complexes (Figure 1). Rhenium(l) poly-
pyridine complexes are well known to demonstrate intense,
long-lived, and environment-sensitive emission, which renders
these complexes as ideal reporters for biological processes and
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66 - The strained alkyne (1R,8S,9s)-bicyclo[6.1.0]non-4-yn-9-yIme-
oc,,, \N thanol (BCN-OH) was used as a substrate for the rhenium(l)
OC/'T\ND complexes to demonstrate the bioorthogonal reactivity of the
N sydnone moiety. Additionally, of interest, the formation of
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Figure 1. Structures of the rhenium(l) polypyridine sydnone complexes 1-3.

applications. The ligand py-syd-ph was designed due to the m-
conjugation between the sydnone unit and the pyridine moiety
allowing for efficient emission quenching. Herein, we report the
synthesis, characterization, and photophysical properties of
three rhenium(l) polypyridine sydnone complexes [Re(N"N)
(CO)5(py-syd-ph)I(CF;SO;)  (N*N=1,10-phenanthroline (phen)
(1), 3,4,7,8-tetramethyl-1,10-phenanthroline (Me,-phen) (2), 4,7-
diphenyl-1,10-phenanthroline (Ph,-phen) (3)) (Figure 1) as new
bioorthogonal turn-on reagents for cellular imaging. Synthetic
procedures and characterization data can be found in the
Supporting Information.

The electronic absorption spectral data of the rhenium(l)
complexes are summarized in Table S1 and the electronic
absorption spectra of these complexes in CH,Cl, at 298 K are
shown in Figure S1 (see the Supporting Information). All the
complexes exhibited both intense spin-allowed intraligand ('IL)
(m—a*) (N"N and pyridine) absorption bands at ~ 261-316 nm
and metal-to-ligand charge-transfer ('"MLCT) (dm(Re)—m*(N"N))
absorption bands/shoulders at ~ 320-430 nm. These features
are commonly observed in other rhenium(l) polypyridine
complexes."®'" Upon irradiation, complexes 1 and 3 exhibited
extremely weak triplet metal-to-ligand charge transfer (MLCT)
(drt(Re)—m*(N"N)) emission with a luminescence quantum yield
(P <0.0017, Table 1) which is considerably much lower than
those of common rhenium(l) polypyridine complexes."®'” The
emission of the Me,phen complex, which should originate
from a ’IL (m—n*) (Me,-phen) excited state””’ mixed with some
3MLCT (dm(Re)—m*(Me,-phen)) character, also displayed a low
luminescence quantum yield (@, <0.0009, Table 1). Most
likely, these results are due to the polar nature of the sydnone
ring providing a highly polar local environment to the complex
cores, hence supressing their luminescence quantum yields.
Additionally, the m-conjugation of the sydnone moiety towards
the rhenium(l) metal center is expected to play a role in the
efficient quenching and modulation of the triplet emissive
states of the complexes.

pyrazole cyclic derivatives from the sydnone core may influence
the electronic properties of the conjugated system. The
rhenium(l) complexes were incubated with BCN-OH, and
interestingly, the resulting pyrazole products (as a mixture of
isomers) displayed much stronger emission. Hence, the result-
ing conjugates were further examined for their phosphorogenic
properties and exhibited relatively large emission enhancement
(/1) >8.8, with a hypsochromic shift in the *MLCT emission
maxima of complexes 1 and 3 (Table 2). Complex 2 exhibited
the largest enhancement (//l,=17.3) in its *IL emission with a
comparable hypsochromic shift.

We were interested whether the turn-on properties and
bioorthogonal conjugation of complexes 1-3 would be influ-
enced by a change of the reaction partner. Thus, they were
then examined for their bioorthogonal labeling properties
toward a biological protein model, bovine serum albumin (BSA)
conjugated with BCN as an example. The conjugate BCN-BSA
was prepared by reaction of BSA with (1R,8S,9s)-bicyclo[6.1.0]
non-4-yn-9-ylmethyl N-succinimidyl carbonate (BCN-NHS) fol-
lowed by purification with size-exclusion chromatography. The
conjugate and unmodified BSA were incubated with the
complexes individually, and the mixtures were then analyzed
by SDS-PAGE. As shown from the SDS-PAGE results (Figure 2),
BCN-BSA was successfully labeled with the sydnone complexes,
which was confirmed by the presence of luminescent bands in
the gel. Absence of emission from the unmodified protein
samples in their respective lanes indicates the luminescent
bands originated from the specific bioorthogonal reaction of
the sydnone complexes with the BCN moieties conjugated on
the BSA protein. In a separate experiment, the emission
enhancement of the rhenium BCN-BSA conjugates was directly
measured without purification and varied from 38.9 to 9.6, with
extended emission lifetimes (Table 3). This phenomenon is
attributed to the increased hydrophobicity and rigidity of the
local environment of the complexes after reaction with BCN-
BSA which is similar to previously reported studies."” Incuba-
tion of the complexes with unmodified BSA showed no
significant changes in emission enhancement nor emission
lifetime (Table 3). The facile reaction of BCN-BSA and the
complexes in potassium phosphate buffer solution indicates
that the complexes are biocompatible in aqueous media and
can only exhibit phosphorogenic response after bioorthogonal

Table 1. Photophysical data of the rhenium(l) polypyridine sydnone
complexes in degassed solutions at 298 K. Table 2. Emission maxima and emission enhancement factors (//1,) for the
rhenium(l) polypyridine sydnone complexes (10 uM) upon reaction with
Complex Solvent Aem [nm] 7 [ps] Pem BCN-OH (100 uM) in aerated MeOH at 298 K.
1 CH,Cl, 532 0.65 0.0012 Complex only Complex +BCN-OH
CH;CN 550 0.58 0.0005 Complex Aem [(NM] Aem [NM] "1,
2 CH,Cl, 523 142 0.0009
CH;CN 522 1.30 0.0005 1 545 535 14.2
3 CH,Cl, 541 1.37 0.0017 2 518 509 17.3
CH;CN 546 1.25 0.0013 3 557 548 8.8
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Figure 2. SDS-PAGE analysis of unmodified BSA and BCN-BSA (1 pM) upon
incubation with the rhenium(l) polypyridine sydnone complexes (10 uM) in
potassium phosphate buffer (50 mM, pH 7.4)/DMSO (9:1, v/v) at 298 K. Top:
Coomassie Blue Staining; bottom: UV transillumination. Lane 1: protein
ladder.

conjugation. The rhenium-to-BSA ratios of all the bioconjugates
were determined to be ~1.0.

The cellular uptake efficiency of the complexes was
investigated to examine if the complexes were suitable for
cellular imaging. Inductively coupled plasma-mass spectrometry
(ICP-MS) measurements indicated the uptake of the complexes
followed the order of 3 >2> 1, which is in accordance with the
increasing lipophilic character of the ligands: Ph,-phen > Me,-
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Lane 1 2 3 4 5 6 7 phen > phen (Table S2). The cytotoxicity of the complexes

Complex 1 + x _ _ _ _ toward Hela cells was determined by the cytotoxicity assay (3-
Gomplex 2 _ B . . _ B (4,5-d|m.ethylth|azol-2-yl)-2,5-d|phenylt.etrézpllum bromlde,
MTT) (Figure S3). The half maximal inhibitory concentrations

Complex 3 - - - - i # (ICso) of the complexes in order of decreasing cytotoxicity were
BSA + - + - + - 3 (4.02uM) >2 (25.13 uM) >1 (>100 uM), the variation in
BCN-BSA _ i _ i _ i cytotoxicity of the complexes is due to their differences in
uptake efficiency (Table S2). Notably, complex 1 was essentially

MWikDa noncytotoxic (ICs, > 100 uM, 20 h; Table S2) under conditions

160 — | used in the cellular uptake and MTT experiments. The stability

1o — of the rhenium(l) complexes in biological media was confirmed
by ESI-MS (Figures S4-S6). As a culmination of the noncytotoxic

80 — properties and high emission enhancement factor of complex
1, its potential application as a bioorthogonal phosphorogenic

8 — probe for bioimaging of live cells was examined.

Lysosomes are dynamic organelles which are vital in their

50 — . S - . . -

40 — functions, participating in multiple biological activities such as
intracellular ~ digestion, metabolism, and initiation of
apoptosis."® Various diseases have been linked to defects in
lysosome dysfunction,"® and visualization of these organelles

30 —

are of upmost importance to improve therapy efficiency.
Lysosomal labeling in live cells has been demonstrated by the
use of a morpholine molecule.”™ Thus, our strategy was to
synthesize a BCN-morpholine (BCN-morph) derivative, by the
reaction of BCN-NHS with 4-(2-aminoethyl)morpholine, for
targeted lysosomal labeling. We believe that a two-step labeling
process will allow greater adaptability, since modification of the
targeting moiety on the BCN derivative would allow for cellular
localization in other organelles of interest. Subsequent manipu-
lation of the complexes to feature various bioorthogonal groups
would enable the tagging of multiple important biomolecules
in a single system. The bioorthogonal ligation of BCN-morph
with the complexes is illustrated in Scheme 2. Cells were
incubated with BCN-morph (100 uM, 1 h), thoroughly washed,
incubated with complex 1 (10 uM, 3 h), and thoroughly washed
again before imaging. Laser-scanning confocal microscopy
(LSCM) revealed that relatively weak emission was observed for
conditions involving only complex 1 (10uM, 3h) when
incubated in Hela cells, which is in agreement with the strong
quenching property of the sydnone unit (Figure 3a). However,
incubation of BCN-morph-pretreated cells with complex 1
demonstrated strong punctate staining and much more
pronounced emission intensity than untreated cells (Figure 3b),
which is due to emission turn-on associated with the successful
bioorthogonal ligation of the sydnone complex to BCN-morph.
Importantly, co-localization studies indicated the lysosome
organelles of the cells were strongly co-stained with the
complex and LysoTracker™ Deep Red (Pearson’s Coefficient=

Table 3. Photophysical data of the rhenium(l) polypyridine sydnone complexes (10 uM) upon incubation with BCN-BSA (1 uM) in aerated potassium

phosphate buffer (50 mM, pH 7.4)/DMSO (9:1, v/v) at 298 K.
Complex only Complex+ BSA Complex+ BCN-BSA

Complex Aem [NM] 7 [us] Aem [(NM] 1, T [us] Aem [NM] 1, T [us]

1 547 0.56 556 1.1 0.56 529 26.8 1.80

2 526 1.30 529 13 1.26 513 38.9 4.71

3 566 0.98 568 1.1 0.96 554 9.6 1.87
ChemPlusChem 2020, 85, 1374-1378  www.chempluschem.org 1376 © 2020 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


https://doi.org/10.1002/cplu.202000029

Chemistry

Full Papers Europe
ChemPlusChem doi.org/10.1002/cplu.202000029 Soories Publishig
co *
. oc,, N
co Re.
oc,,, | N —‘ / oc” | N
/R‘e ) o N |N\
N L O I ~
X o) o) @\ + CO,
- N H

~
. . y
Q\N -0 N 0 NV\N/\
W T
N-0 o)

Scheme 2. Bioorthogonal ligation of BCN-morph with complexes 1-3.

0.83) (Figure 4). Subsequent co-localization studies with Mito-
Tracker™ Deep Red FM demonstrated noticeably very weak co-
staining of the mitochondria (Pearson’s Coefficient=0.38) (Fig-
ure 5), highlighting the specificity of complex 1 toward the
lysosome organelles. These results suggest that the complex
can be used in effective lysosomal staining in live Hela cells.

In conclusion, we synthesized novel phosphorogenic rhe-

2_im 25 2_im 2 nium(l) polypyridine sydnone complexes for further expansion
Figure 3. LSCM images of live Hela cells incubated with complex 1 (10 uM, of the bioorthogonal toolbox. These complexes demonstrated
3 h, Ao, =405 nm) without (A) or with (B) pretreatment with BCN-morph emission turn-on capabilities after SPSAC with BCN-OH. Further

(100 uM, 1 h) at 37°C. studies of the bioorthogonal ligation on BCN-BSA also indicated

emission enhancement. As a result of the essentially non-
cytotoxic properties and emission enhancement capabilities of

Complex 1 LysoTracker Overlaid

Figure 4. LCSM images of live Hela cells pretreated with BCN-morph (100 uM, 1 h) and incubated with complex 1 (10 uM, 3 h, 4., =405 nm) and LysoTracker™
Deep Red (100 nM, 30 min, 4,,=635 nm) at 37°C.

Complex 1 MitoTracker Overlaid

Figure 5. LCSM images of live Hela cells pretreated with BCN-morph (100 pM, 1 h) and incubated with complex 1 (10 uM, 3 h, .,,=405 nm) and
MitoTracker™ Deep Red (100 nM, 30 min, .,=635 nm) at 37°C.
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complex 1, it was utilized for bioimaging studies in live Hela
cells. Co-localization studies demonstrated strong lysosomal
labeling, indicative of the successful bioorthogonal ligation of
BCN-morph and the complex. These results indicate that the
rhenium(l) polypyridine sydnone complexes are promising as
novel bioorthogonal phosphorogenic labeling reagents for
biological applications.
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