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Novel purine-based iridium complexes were designed for selective
determination of ER viscosity. The Ir-PH possessed excellent ER
targeting ability and could distinguish the viscosity changes under
ER stress by fluorescence lifetime image microscopy (FLIM), which
may accelerate the development of relative quantitative detection
of microenvironment changes at the subcellular level.

Intracellular viscosity is closely linked to cellular processes,
such as transportation, diffusion, and metabolism." Therefore,
it is of great significance that tracking intracellular viscosity
changes can help us to understand the physiological or patho-
logical processes of cells.>® The endoplasmic reticulum (ER) is
an important organelle, which is mainly responsible for Ca**
storage, protein synthesis and transportion.* The accumulation
of unfolded or excessive misfolded proteins will disturb the
regular function of ER and it may lead to ER stress; which may
eventually lead to some kinds of diseases, including Alzheimer’s
disease, obesity or diabetes and cancers.”® Meanwhile, the
accumulation of these unfolded or misfolded proteins would
certainly change the viscosity of the ER;® so it is valuable to
develop probes to detect the viscosity changes of ER during ER
stress.

Fluorescent chemosensors have been extensively developed in
the last 10 years, and have provided a good method for tracking
small molecules or microenvironmental changes within living
cells.”™® However, as traditional fluorescence-intensity-based
probes, we may not completely avoid the influence of concen-
tration. FLIM is based on a natural property and could solve the
problem,*® which is often closely related to the environment, such
as temperature, dielectric constant, and viscosity."* Combined
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with existing reports, many diseases are associated with the cellular
microenvironment. Therefore, FLIM would be highly promising for
studying alterations in the cellular microenvironment.

Recently, iridium(m) complexes have been widely investi-
gated in oxygen sensors,'” photodynamic therapy (PDT),**™®
and bioimaging because of their excellent large Stokes
shift, long luminescence lifetime and high quantum yield.
Disappointedly, lots of reported iridium(ur) ligands often regulate
obvious cytotoxicity.">*° Purine that is present in biological
molecules has been used as anticancer agents, antiviral drugs
and receptor antagonists due to its biological importance.>'™>*
Although the structure of purines contains N atoms and conju-
gated planes, few studies have applied it to the construction of
fluorescent probes. Furthermore, purine has not been used to
construct ligands to synthesise iridium(m) complexes until now.
In our previous work, purine was utilized as the core structure to
build a series of AIE fluorophores performing an excellent effect in
cell imaging with good biocompatibility.>*° This also makes it
possible for us to synthesize iridium(m) complexes for cell
imaging.

On the other hand, the reported iridium(m) complexes for
sensing viscosity were designed with a rotatable bond or by
adding a rotor, such as Ir6,"* 1,>” and C10*® (Scheme 1). Due to
the introduction of freely rotating rotors or bonds, a problem is
that it would reduce the conjugation of the entire compound,
and cause large energy dissipation, resulting in intense
responses to subtle changes. Therefore, it is urgent to develop
a new strategy to solve this problem.

In the present study, we introduce purine derivatives into
the iridium(m) complex Ir-PH for the first time, which can
aggregate in ER owing to its lipophilic and cationic char-
acteristics. This complex could possess viscosity-sensitive properties
without a plane or bond that could rotate individually. We specu-
lated that the reason for viscosity response may be the changes of
torsion angles between the phenyl ring and purine, and between the
pyridine ring and B-carboline; so we designed Ir-PMe-1 and Ir-PMe-2
to confirm our conjecture. We deduced that Ir-PMe-1 had a weaker
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Scheme 1 Chemical structures of iridium(n) complexes for sensing
viscosity.

viscosity response and Ir-PMe-2 was consistent with Ir-PH, because
the methyl of Ir-PMe-1 would restrict the change of torsion angles
between the phenyl ring and purine. Actually, the experimental
results were consistent with our conjecture. We confirmed that Ir-PH
could localize to ER and Ir-PH could reflect the viscosity of dysfunc-
tional ER using FLIM. In conclusion, our work demonstrates
the potential of revealing microenvironmental changes at the
subcellular level.

The synthetic routes for Ir-PH, Ir-PMe-1 and Ir-PMe-2 are
shown in the ESI,} (Scheme S1). Ir-PH is also characterized by
X-ray crystal diffraction analysis (Fig. 1C and Fig. S1, Tables S1,
S2, ESIt). We systematically studied the photophysical proper-
ties of Ir-PH, Ir-PMe-1 and Ir-PMe-2 (Table S3, ESIt). In PBS at
298 K, they showed intense absorption bands at 270-360 nm

Fig.1 (A) The single crystal structure of compound PH; (B) the single
crystal structure of 1-Py-pC;?° (C) the single crystal structure of Ir-PH, the
H atoms, counterions, and solvent have been omitted for clarity; (D) the
molecular packing of Ir-PH. Carbon, hydrogen, nitrogen and iridium atoms
are shown in grey, white, blue, and red, respectively.
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assigned to spin-allowed intraligand ('IL) transitions and less
intense absorption bands at 360-500 nm assigned to a mixture
of spin-allowed and spin-forbidden metal-to-ligand charge
transfer transitions (*MLCT/*MLCT) (Fig. S2, ESIt).*® Upon
excitation at 370 nm, Ir-PH and Ir-PMe-2 display strong emis-
sion at ca. 550 nm, and Ir-PMe-1 has a 20 nm red shift and
exhibits weaker emission compared with Ir-PH. This phenom-
enon confirmed our conjecture that the methyl of Ir-PMe-1
restricted the change of torsion angles between the phenyl ring
and purine and led to an increased degree of conjugation.

We firstly investigated the fluorescence spectra of all com-
plexes in various solvents. The results revealed that Ir-PH and
Ir-PMe-2 had much stronger fluorescence intensity in 99%
glycerol than other solvents, while for Ir-PMe-1 it was not
obvious. As we know, glycerol-water mixtures are frequently
used to adjust the viscosity of a solution. To investigate the
influence of viscosity on the emission intensity of all complexes,
fluorescence spectra were recorded in a series of viscosity
gradient mixtures composed of glycerol and water at room
temperature. As shown in Fig. 2, Ir-PH exhibited very weak
fluorescence in low viscosity, while increasing the proportion
of glycerol, the fluorescence intensity of Ir-PH enhanced drama-
tically and increased 22.6-fold at 550 nm as the viscosity
increases from 1.01 cP to 76.78 cP, which could be easily
observed by the naked eye. A linear correlation was obtained
between emission intensity and solvent viscosity. Ir-PMe-1 emission
was enhanced 11.8-fold at 570 nm (Fig. S5, ESIt) and Ir-PMe-2 was
enhanced by 37.5-fold at 550 nm (Fig. S6, ESIT). This conclusion

A ViscosTylcP B 30

- —101 —11 -

= 2500 — 131 189 S 2500
K 286 4.48 K

. 2000 7.50 14.70 = 2000
2 ——2284 ——4538 =

2 1500 — 7678 — 122101 2 4500
F —34845—— 95719 @
2 2
£ 1000 £ 1000
- -

- 500 1 500
L w

o

500 550 600 650 700

o

200 400 600 800 1000

Wavelength (nm) n (cp)
C 1000 Viscosity/cP D
—1.01 —1.11 1100
1.31 1.86
286 448 1000
750 ——1470| g 900
o 100 ——22.84 ——45.38] c
2 7678 = 800
c o
3 700
8 £
600
104 2
5 500
400
14 T T T T T T T T T
1000 2000 3000 4000 5000 6000 7000 800 0 10 20 30 40 50 60 70 80
Lifetime (ns) n (cp)
E Viscosity/cP

1.01 111 1.31 1.86 2.86 4.48 7.50 14.70/22.8445.38

Fig. 2 (A) Fluorescence emission intensities and (C) lifetimes of Ir-PH
(10 uM) in mixtures of water and glycerol at different viscosities (1.01, 1.11,
1.31, 1.86, 2.86, 4.48, 7.50, 14.70, 22.84, 45.38, and 76.78 cP); (B) fluores-
cence emission intensity—viscosity curves; (D) fluorescence lifetime—
viscosity curves. (E) Pictures of Ir-PH in the mixtures of H,O—-glycerol of
various viscosities under 365 nm UV light.
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demonstrates that our complexes had a greater increase and a
higher sensitivity for viscosity. On top of that, the lifetimes (z) of
complexes were measured in the presence of various glycerol-water
mixtures. The viscosity extended gradually from 1.01 cP to 76.78 cP,
and the lifetime of Ir-PH increased from 380 ns to 1120 ns (Fig. 2C).
Furthermore, a good linear relationship was obtained between
lifetime and viscosity. (Fig. 2D). At the same time, the lifetime of
Ir-PMe-2 (341-893 ns, Fig. S6C and D, ESIf) also had a linear
relationship with viscosity, but its lifetime was shorter than that of
Ir-PH. Besides, the lifetime of Ir-PMe-1 increased from 74 ns to
406 ns, whereas lifetime-viscosity was without linear correlation
(Fig. S5C and D, ESIf), unexpectedly. In general, the lifetime
exhibited satisfactory specificity and sensitivity toward the viscosity.
Moreover, the luminescence quantum yield (&) (Table S3, ESIt) and
photostability (Fig. S14, ESIT) were measured.

The single crystal structures of PH and Ir-PH are shown in
Fig. 1. Ir-PH adopted a slightly distorted octahedral geometry
and four molecules make up a unit cell (Fig. S1, ESIT). The Ir-N
bonds (Ir-N,, = 2.029 A) of C"N ligands were shorter than
the Ir-C bonds (Ir-C,, = 2.061 A), while the Ir-N bonds
(Ir-N,, = 2.133 A) of N*N ligands were longer than the Ir-C bonds,
matching with the effect of carbon donors.*® The hexafluoropho-
sphate would have weak interaction with C-H on two adjacent
molecules (Fig. 1D). To our surprise, the torsion angles were
different between ligands alone and ligands in complex
(Fig. 1A-C). The torsion angle was 5.60° between the phenyl ring
and purine of PH. While PH was coordinated with Ir(m), the
torsion angle changed into 10.02° and 11.79°. The single crystal
structure of 1-Py-BC, which is a ligand of Ir-PH has been reported
previously,®" and the torsion angle between the pyridine ring and
B-carboline was changed from 2.31° to 20.64° before and after
reacting with Ir(u). These changes may cause the tendency for
the torsion angles of ligands interacting with Ir(u) to change to a
single ligand’s torsion angles,*> which may explain why the Ir-PH
has a viscosity response. Furthermore, Ir-PMe-1 and Ir-PMe-2
also could verify our conjecture.

In order to confirm the specificity of viscosity response of
three complexes, we tested the effects of other factors on the
fluorescence emission intensity of Ir-PH. To eliminate the
calcium ion interference effect, the metal ion interference test
was conducted, and no obvious changes of the emission
intensity were observed (Fig. S3, ESIT). To eliminate polarity-
effect, after measuring in various solvents, we carried out a
fluorescence spectrum test in water-1,4-dioxane systems of
different fractions (Fig. S4, ESIT), and the results revealed that
there was no trend between polarity and intensity.

To utilize Ir-PH, Ir-PMe-1 and Ir-PMe-2 as a cellular viscosity
sensor, we firstly investigated their cytotoxicity in A549 cells
(MTS assay). As shown in Fig. S7 (ESIt), when A549 cells were
treated with the three complexes at 1.25-5 pM for 24 h, a high
cell viability (>90%) was obtained, which indicated that they
did not interfere with the cell proliferation and physiology
within the tested concentrations. After that, we desperately
wanted to know whether the compounds will target the ER,
so we investigated their intracellular location by a confocal
microscopy experiment in cells (Fig. 3). The overlapped
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Fig. 3 (A1-A4) Confocal images of A549 cells incubated with Ir-PH
(2 M, Aex = 405 nm, Lem = 500-600 nm) and ER-Tracker Red (500 nM,
dex = 543 nm, Aem = 600-650 nm,). (B1-B4) Cellular colocalization
microscopy images of A549 cells incubated with Ir-PMe-1 (2 uM,
dex = 405 nm, Aem = 500-600 nm) and ER Tracker Red (500 nM,
Aex = 543 nm, Aem = 600-650 nm). (C1-C4) Cellular colocalization
microscopy images of A549 cells incubated with Ir-PM-2 (2 uM,
Aex = 405 nm, Aem = 500-600 nm) and ER Tracker Red (500 nM,
Jex = 543 M, Jem = 600-650 nm).

fluorescence image between Ir-PH and ER-Tracker Red demon-
strated that Ir-PH exhibited specific ER staining and the Pearson
co-localization is 0.99. On the contrary, little co-localization for IrPH
with Mito-Tracker Red and Lyso-Tracker deep Red (Fig. S9, ESIt)
was observed, and the co-localization values were 0.76, and 0.59,
respectively. IrPMe-1 and Ir-PMe-2 had analogous results, and
co-localization values of Ir-PMe-1 were 0.90, 0.73, and 0.34 with
ERTG, MTG, and LTG (Fig. S10, ESIY), respectively. Co-localization
values of Ir-PMe-2 were 0.94, 0.45, and 0.73 with ERTR, MTDR,
and LTDR (Fig. S11, ESI}), respectively. These results indicated the
ER-targeting ability of Ir-PH, Ir-PMe-1 and Ir-PMe-2, especially Ir-PH.
The excellent ER-targeting of IrPH was also confirmed in liver
cancer cells (HepG 2) and liver normal cells (HL-7702) (Fig. S8, ESIt).

In order to explore the response of Ir-PH to ER viscosity
changes, we also tested the fluorescence intensity of Ir-PH
under ER stress in A549 cells. Tunicamycin (Tm) is a glycosyla-
tion inhibitor that obstructs the cellular biosynthesis of the
N-linked oligosaccharide,®® which is usually used to stimulate
ER. As the concentration of Tm increased, the ER stimulation
was more obvious, resulting in more unfolded protein and
greater viscosity, and so the higher the fluorescence intensity of
Ir-PH became (Fig. S12, ESIt), and the result was consistent
with the corresponding results of in vitro viscosity-sensitivity
tests. Besides, we also tested Ir-PH with Tm (50 pg mL™') at
different times (Fig. S13, ESIT), and we got the same conclusion.

In our previous experiments, there was a correction between
lifetime and environment viscosity of Ir-PH. For the purpose of
monitoring the change of viscosity in ER, we used FLIM to
record the results and investigated the correction in vivo, which
may improve the drawback of images based on intensity.
A seismic color scale was assigned to images Fig. 4; the blue
color represented around or below 10 ns, while lifetimes

Chem. Commun., 2021, 57, 2265-2268 | 2267


https://doi.org/10.1039/d0cc07867k

Published on 25 January 2021. Downloaded by RUTGERS STATE UNIVERSITY on 5/15/2021 12:22:06 PM.

Communication

8
5

[sulewnay1sed

Lifetime

—
164 /
124 E/‘I/

[ 0 2 30 40 50
Concentration of Tm (pg/mL)

10.0

Fig. 4 FLIM of Ir-PH with different concentrations of Tm (A) blank;
(B) 20 pg mL™%; (C) 30 ug mL~%; (D) 50 pg mL~%; and (E) calculated lifetimes
of Ir-PH in A549 cells.

around or above 20 ns were red. It was obvious that with the
addition of Tm, the Ir-PH displayed slightly longer lifetimes.
The calculated average fluorescence lifetime of Ir-PH was
11.15 £ 0.55 ns in the A549 cells with untreated Tm. With
the addition of Tm, the lifetime becomes longer and longer;
when the concentration of Tm was 50 pg mL™ ", the calculated
average lifetime was 17.3 £+ 1.2 ns. The lifetime of Ir-PH was
calculated using three exponentials in A549 cells. However, the
cellular environment is pretty complicated compared with
water-glycerol mixtures. Therefore, Ir-PH might be appropriate
for relative quantitative tests of ER viscosity and for the absolute
quantitative detection but a standard curve was measured firstly.

In conclusion, we have designed and successfully synthe-
sized three purine-based iridium complexes for imaging of ER.
We offered an effective method to design viscosity-sensitive
iridium(m) complexes by using the change of torsion angles.
Between them, the fluorescence intensity and lifetime of Ir-PH
displayed a regular response to the environmental viscosity.
The subcellular localization experiment results indicated that
Ir-PH could exclusively accumulate in the ER. Besides, due to its
viscosity-sensitive lifetimes, Ir-PH could distinguish the
changes under ER stress of cells by fluorescence lifetime image
microscopy, which provides a new clue for relative quantitative
detection of microenvironment changes at the subcellular level.
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