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ABSTRACT: The aggregation of amyloid β (Aβ) peptides is a significant hallmark of Alzheimer’s Disease (AD) and the inhibi-
tion and detection of Aβ aggregates are important for the treatment and diagnosis of AD. Herein, a series of benzothiazole-
based luminescent Ir(III) complexes HN‐1 to HN‐8 were reported, which exhibit appreciable Aβ aggregation inhibition ability 
in	vitro and in living cells. In addition, they are capable of inducing a fluorescence turn-on effect when binding to Aβ fibrils 
and oligomers. Most importantly, compared to previously reported cationic metal complexes, the neutral Ir complexes re-
ported here show optimal Log D values, which suggest these compounds should have enhanced blood brain barrier (BBB) 
permeability. Most importantly, in	vivo studies show that the neutral Ir complexes HN‐2, HN‐3, and HN‐8 successfully pene-
trate the BBB and stain amyloid plaques in AD mice brains after a 10-day treatment via i.p. injection, which is unprecedented 
for Ir(III) complexes, and thus can be used as lead compounds for AD therapeutics development.

INTRODUCTION 
Alzheimer’s disease (AD) is the most common neurodegen-
erative disease and the 6th cause of death in the US.1 One of 
the strategies for the treatment of AD is the development of 
inhibitors that prevent the misfolding and self-assembling 
aggregation of monomeric Aβ peptides into neurotoxic Aβ 
species.2-8 

Transition metal complexes have emerged as a viable al-
ternative to organic compounds with distinct biological 
properties and have been wildly utilized for the treatment 
of cancer.9-10 Recently, transition metal complexes have 
been developed as chemical reagents capable of altering Aβ 
aggregation.11-25 Among many of these transition metal 
complexes, cyclometalated Ir(III) complexes would be one 
of the most promising candidates as their photophysical 
and photochemical properties are unique and desirable. In 
general, these complexes exhibit high luminescence quan-
tum yields and long lifetimes due to the efficient spin-orbit 
coupling induced by the heavy Ir(III) center. Also, they have 
high thermal and chemical stability, as Ir(III) is a substitu-
tionally inert transition metal ion.26-27 Not only that, tuning 
the emission color and excited-state dynamics is easily 
achieved through ligand structure modification, by either 
increasing conjugation, introducing heteroatoms, and/or 
various substituents. Furthermore, the preparation of 
Ir(III) complexes is highly modular compared to the multi-
step and linear syntheses of organic molecules. Thus, cy-
clometalated Ir(III) complexes can usually be prepared in 
fewer steps and with greater flexibility for modification 
during the synthesis of each module.28-29 This synthetic ver-
satility could be exploited to enhance the interaction of 
Ir(III) complexes with Aβ species, which could leads to the 
consequent modulation of the Aβ aggregation pathways. 

In this work, eight Ir(III) complexes were designed and 
synthesized with the incorporation of Aβ binding parts as 
ligands. These complexes with two or three Aβ binding 
groups are stable and exhibit optimsl log D values and ap-
preciable affinity for Aβ fibrils and oligomers. Furthermore, 
we demonstrate that in in	vivo studies, three of the Ir(III) 
complexes show the ability to cross the blood brain barrier 
(BBB) and specifically label the amyloid species in the 
brains of transgenic AD mice. 

 

 
Figure	1. Rational design strategies of Ir(III) Complexes 

 
 

RESULTS AND DISCUSSION 
Design,	Synthesis	and	Characterization	of	 Ir(III)	Com‐
plexes.	 Complexes HN‐1‐3, with 2-phenyl-1,3-benzothia-
zole molecules as C^N ligands, were first designed and syn-
thesized as the starting point for the subsequent studies. 
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HN‐1 is a cationic Ir(III) complex with two labile acetoni-
trile (MeCN) ancillary ligands, which allows for potential co-
ordination to the Aβ amino acid residues. Then, HN‐2 was 
designed as a neutral tris-Ir(III) complex with the idea of in-
creasing lipophilicity and the potential to penetrate blood 
brain barrier (BBB). HN‐3 was also a neutral complex with 
an acetylacetonate (acac) ancillary ligand, which could be 
further modified or elongated. Complexes HN‐4‐6 were 
constructed by extension of the 2-phenyl-1,3-benzothiazole 
C^N ligand with a pendant free-rotating moiety. We pro-
posed that the pendant moiety could rotate freely in the so-
lution but get rigidified when Ir(III) complexes bind to fi-
brils, and this would achieve the fluorescence “switch-on” 
effects as Aβ probes. Complex HN‐8 was designed by replac-
ing the acac ligand with curcumin (a natural product which 
has been reported to have the ability to alleviate Aβ tox-
icity),30-32 and its synthesis is more practical and easy-to-
achieve, since attaching the acac ligand is the last step in the 
development of these inert Ir(III) complexes. 

The molecular structure of HN-1 was determined by 
single-crystal X-ray diffraction and is shown in Figure 2. The 
Ir atom adopts a distorted octahedral coordination geome-
try, with two C^N cyclometalated ligands and two acetoni-
trile ligands. The C^N nitrogen atoms are in a trans orienta-
tion relative to each other. The Ir–C and Ir–N (C^N) bond 
lengths of HN-1 are similar to those of the previously re-
ported Ir(III) complexes with 2-phenyl-1,3-benzothiazole 
C^N ligand, ranging 2.007‒2.143 Å.29, 33-34 

Scheme	 1.	 Synthetic	 routes	 to	 Ir(III)	 complexes.	 (a)	
Complexes	HN‐1‐7;	(b)	complex	HN‐8.	
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Figure	2. X-ray crystal structure of HN‐1. Thermal ellipsoids 
are drawn at the 50% probability with solvent molecules, 
counter ion and hydrogen atoms are eliminated for clarity. Se-
lected bond distances (Å): Ir1–C1, 2.007(3); Ir1–C14, 2.008(3); 
Ir1–N1, 2.061(3); Ir1–N2, 2.064(3); Ir1–N3, 2.128(3); Ir1–N4, 
2.143(3). 

 
 

Photophysical	 and	 Biochemical	 Properties	 of	 Ir(III)	
Complexes.	The UV-vis absorption spectra of HN‐1‐8 were 
obtained in PBS with 0.5% DMSO (Figure S1). Complexes 
HN‐1‐3 displayed intense absorption bands around 320 nm 
which can be assigned to spin-allowed ligand centered π–π* 
transitions (1LC) and less intense charge transfer (1,3CT) ab-
sorption bands tailing out to 500 nm. These complexes ex-
hibit emission in the region of 520–700 nm (Figures 3a and 
Figure S2) in PBS with DMSO (<5%) where the Stokes shift 
is significantly large due to the phosphorescent properties 
of Ir(III) complexes.  

As shown in Figure 3a (black line),	HN‐1 showed an ex-
cellent turn-on response toward Aβ42 fibrils. It displayed a 
183-fold fluorescence intensity increase (λem = 550 nm) for 
Aβ42 fibrils, with a Kd value of 32.1 ± 9.1 µM (Figure S4). This 
is likely due to the MeCN ligands in the Ir(III) complex being 
replaced by amino acid residues of the Aβ aggregates and 
therefore the Ir(III) complex coordinates to the peptides, as 
proposed previously.35-36  

In recent years, mounting evidence indicates that solu-
ble Aβ oligomers are highly toxic for neurons.37-38 There-
fore, Ir(III) complexes developed in this study were also 
tested to see whether they could interact with soluble Aβ42 
oligomers. Aβ42 oligomers were prepared according to the 
procedure reported by Klein and the morphology of ob-
tained species was confirmed by transmission electron mi-
croscopy (TEM, Figure S3). Surprisingly, HN‐1 also showed 
a 142-fold fluorescence intensity increase with soluble Aβ42 
oligomers (Figure 3a, blue line) and its Kd value of oligomers 
is 25.1 ± 8.9 µM (Figure S4).  

Complexes HN‐2 (Figure 3b) and HN‐3 did not exhibit 
apparent fluorescence increase when they bind to Aβ aggre-
gates. This is also consistent with our previous assumption 
that the molecular structures of these complexes are too 
rigid. As expected, extended conjugated complexes HN‐4	
and HN‐8 showed “turn-on” effects when they bind to Aβ 
fibrils, with a “15-fold” fluorescence increase for	HN‐4, and 
a “20-fold” increase for HN‐8, respectively. The Kd values of 
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fibrils and oligomers of HN‐8 are 1.61 ± 0.46 µM and 3.46 ± 
1.32 µM, respectively (Figure S4). 
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Figure	3. Fluorescence spectra of Ir(III)  complexes with/with-
out Aβ42 fibrils or Aβ42 oligomers. (a) HN‐1, (b) HN‐2, (c) HN‐4, 
and (d) HN‐8. 

 
 

Inhibition	of	Amyloid	β	Aggregation.	The Aβ inhibition 
abilities of the Ir(III) complexes were measured by per-
forming thioflavin T (ThT) fluorescence assays. ThT is a 
well-established fluorophore for the kinetic measurement 
of Aβ aggregation, and it is known that when it binds to am-
yloid fibrils, a pronounced enhancement of fluorescence 
can be detected at λmax = 485 nm upon excitation at 435 nm. 
The aggregation of Aβ occurs via a sigmoidal route, which is 
composed of three phases: lag phase, elongation phase, and 
a plateau phase (Figure 4, black line). 

Compared to the control group, all Ir(III) complexes ex-
hibit the ability to inhibit Aβ aggregation (stop or delay the 
aggregation). For HN‐1, it completely quenched the Aβ ag-
gregation (Figure 4, red line, inhibition percentage: 100%),  
probably due to the replacement of acetonitrile ligands of 
HN‐1 with histidine residue locating on the N-terminus of 
Aβ peptide, which plays critical role in Aβ aggregation.39 
Though the curcumin-Ir(III) complex HN‐8 accelerated the 
aggregation process at the beginning of the elongation 
phase,  further progress was suppressed and accordingly, 
around 75% of a final inhibition percentage was obtained 
(Figure 4, orange line). This is consistent with the previous 
observation where curcumin derivatives can significantly 
inhibit the Aβ aggregation process.31 All other Ir(III) com-
plexes extended the lag phase and delayed the beginning of 
the elongation phase. We note that neither the excitation 
nor emission wavelength range of ThT overlaps with those 
of Ir(III) complexes.  
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Figure	4. Time-resolved measurements of the aggregation of 
Aβ40 through examination of ThT emission at 485 nm (λex = 435 
nm) for free Aβ40 and Aβ40 incubated with the ligands HN	1‐8. 
Conditions: [Aβ40] = 10 μM; [ThT] = 10 μM; [compound] = 10 
μM. 

 
 

5xFAD	 Mouse	 Brain	 Section	 Imaging.	 To examine 
whether those Ir(III) complexes could specifically interact 
with native Aβ species, brain section staining was per-
formed. All brain sections were sliced from transgenic 
5xFAD mice, which can overexpress human APP and PSEN1 
transgenes. All of the eight Ir(III) complexes can specifically 
label Aβ plaques, showing excellent colocalization with 
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staining of CF594 conjugated HJ3.4 antibody (CF594-HJ3.4) 
that binds to a wide range of Aβ species.40 

 

 

 

 
 

Figure	 5. Fluorescence microscopy images of 5xFAD mice 
brain sections incubated with Ir(III) complexes. The fluores-
cence signals from Ir(III) complexes and CF594-HJ3.4 antibody 
were monitored under blue and red channels, respectively. 
Scale bar: 125 µm. R equals to Pearson’s correlation coefficient. 

 
 

LogD	Measurements	of	 Ir(III)	Complexes. Log D values 
were also examined to evaluate the BBB permeability of the 
Ir(III) complexes. For complexes HN‐2‐5,	HN‐7	and HN‐8, 
they all showed Log D values in the range of 0.9‒2.5, sug-
gesting these compounds are promising candidates for fur-
ther in	vivo studies. In the case of HN‐1, a cationic complex, 
it shows a lower Log D value due to charges. HN‐6 also 

showed low Log D value, presumably because of hydrogen 
bond formation through a methoxy group on the ligand of 
Ir(III) complex. 

 

 
Table	1.	Distribution	coefficients(Log	D)	of	Ir(III)	com‐
plexes	in	octanol/PBS	(pH	7.4).	

	

 

 
 

Cytotoxicity	of	Aβ	Species	upon	Incubation	with	Ir(III)	
Complexes.	The neurotoxicity of the Ir(III) complexes and 
their ability to alleviate the Aβ-induced neurotoxicity was 
investigated using mouse neuroblastoma (N2a) cells. First, 
we examined the toxicity of all Ir(III) complexes at various 
concentrations ranging from 2 to 20 μM (Figure 6a). Except 
for HN‐1, all other iridium(III) complexes show very low cy-
totoxicity up to 20 μM.  

Then, N2a cells were treated with Aβ42 in the absence or 
presence of the Ir(III) complexes to investigate whether the 
inhibition of amyloid can result in the rescue of Aβ42 neuro-
toxicity (Figure 6b). 20 μM of Aβ on its own is toxic to the 
cells. Co-treatment with all of the eight Ir(III) complexes 
showed significant rescues of Aβ-induced neurotoxicity. For 
comparison, the N2a cells were also treated with Aβ42 with 
the presence of curcumin. The treatment of curcumin dra-
matically increased the Aβ-induced cytotoxicity, instead of 
rescuing the cells (Figure S5). Since curcumins are quite un-
stable in PBS and cell media, the metabolites may deterio-
rate the Aβ-mediated cytotoxicity. However, in case of the 
curcumin-Ir(III) complex HN‐8, the chelation between the 
metal center and the ligand could stabilize the entire curcu-
min structure, thus resulting in improved cell viability. 
Overall, the cell data revealed that Ir(III) complexes devel-
oped in this work could efficiently decrease the Aβ-induced 
cytotoxicity for N2a cells and also be potential candidates 
for in	vivo studies. 
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Figure	6. (a) Cytotoxicity studies of Ir(III) complexes. (b) Cyto-
toxicity studies of Ir(III) complexes with Aβ42. 

 
 

In	vivo	Blood‐Brain	Barrier	Permeability.	The BBB per-
meability of the metal complexes has significant implica-
tions for in	vivo applications in AD research. Until now, very 
few metal complexes have shown the ability to cross the 
BBB.18 To evaluate the BBB permeability of investigated 
Ir(III) complexes, we administered three of the Ir(III) com-
plexes HN‐2, HN‐3, and HN‐8 daily to 11-month old 5xFAD 
mice (1 mg/kg of body weight) via intraperitoneal injection 
for 10 days. All of three complexes show fluorescent stain-
ing signals in both DAPI and FITC channels (Figure S6). The 
fluorescence images demonstrated that the developed 
Ir(III) complexes could successfully penetrate the BBB, and 
the in	vivo accumulated Ir(III) complexes have significant 
colocalizations with the amyloid species co-stained with 
HJ3.4 antibody (Figure 7). Overall, the immunofluorescence 
staining studies suggest that the developed Ir(III) com-
plexes have the ability to cross the BBB and specifically la-
bel the amyloid species in	vivo.  

 

 

 
Figure	7. Representative fluorescence microscopy images of 
brain sections from 11-month old 5xFAD mice administrated 
with Ir(III) complexes for 10 days. The brain sections were co-
immunostained with the HJ3.4 antibody ([HJ3.4] = 1 μg/ml, 
scale bar = 125 μm). 

 
 

CONCLUSION 
In this paper, a series of inert Ir(III) complexes were de-
signed and synthesized, and they exhibit remarkable Aβ la-
beling and aggregation inhibition properties, and thus are 
promising to be used as probes and inhibitors for Aβ aggre-
gation. The screening experiments revealed that complex 
HN‐8 shows excellent performance both in inhibiting Aβ 
species in	vitro and alleviating the Aβ-induced cytotoxicity 
in living cells. In addition, compared to the other previous 
reported Ir(III) complexes, its hydrophobicity appreciable 
and holds significant promise to be used in	vivo. Moreover, 
we have demonstrated that the rational design strategy via 
a simple extension of the benzothiazole framework or re-
placement of the acac ligand offers a practical way to de-
velop Ir(III) complexes with optimal drug-like characteris-
tics. Further studies will be performed on the modification 
of the different types of ligands, which allow Ir(III) com-
plexes to emit in the near-infrared (NIR) region and thus 
can be employed in NIR imaging applications. 
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