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ABSTRACT: Antimicrobial resistance has become a major threat to public health
due to the rampant and empirical use of antibiotics. Rapid diagnosis of bacteria
with the desired sensitivity and selectivity still, however, remains an open
challenge. We report a special class of water-soluble metal-based aggregation-
induced emission luminogens (AIEgens), namely, cyclometalated iridium(III)
polypyridine complexes of the type [Ir(PQ)2(N^N)]Cl (1−3), where PQ = 2-
phenylquinoline and N^N = 2,2′-bipyridine derivatives, that demonstrate dual
capability for detection and elimination of drug-resistant bacteria in aqueous
solutions. These AIEgens exhibit selective and rapid sensing of endotoxins, such as
lipopolysaccharides (LPS) and lipoteichoic acid (LTA) released by the bacteria,
with a detection limit in the lower nanomolar range. Targeting these naturally
amplified biomarkers (approximately 1 million copies per cell) by iridium(III)
complexes induces strong AIE in the presence of different Gram-negative and
Gram-positive bacteria including carbapenem-resistant A. baumannii (CRAB) and methicillin-resistant S. aureus (MRSA) at
concentrations as low as 1.2 CFU/mL within 5 min in spiked water samples. Detection of bacteria by the complexes is also visible to
the naked eye at higher (108 CFU/mL) cell concentrations. More notably, complexes 1 and 2 show potent antibacterial activity
against drug-resistant bacteria with low minimum inhibitory concentrations (MICs) ≤ 5 μg/mL (1−4 μM) via ROS generation and
cell membrane disintegrity. To the best of our knowledge, this work is the “first-in-class” example of a metal-based theranostic system
that integrates selective, sensitive, rapid, naked-eye, wash-free, and real-time detection of bacteria using broad-spectrum antibiotics
into a single platform. This dual capability of AIEgens makes them ideal scaffolds for monitoring bacterial contamination in aqueous
samples and pharmaceutical applications.

KEYWORDS: cyclometalated iridium(III) complexes, aggregation-induced emission, endotoxin detection, bacterial sensing,
antibacterial activity, drug-resistant bacteria, theranostic agents

■ INTRODUCTION

Discovery of the first antimicrobials 80 years ago revolu-
tionized the traditional practice of medicine and ushered in the
current era of modern surgery and treatment. Since then the
rampant use of medicines and the slow innovation in new
antibiotics has led to the rapid emergence of antimicrobial
resistance (AMR) pushing us toward the post-antibiotics era.1

This evolutionary phenomenon is now threatening the current
paradigms of modern healthcare management and posing
tangible threats to public health across the globe.1−3 Human
activity especially in developing nations has led to the
contamination of water bodies with antimicrobial-resistant
microbes. This water contamination as a source of AMR
includes pharmaceutical industries, agriculture (in the form of
pesticides), and hospital waste where a continuous efflux of
antibiotics into water bodies accelerates the development and
spread of resistance causing a variety of untreatable water-
borne diseases.2,4−6 Recent reports suggest how Gram-negative
bacterial pathogens like Acitenobacter baumanni and Klebsiella
pneumonia have developed resistance against carbapenem due

to their excessive presence in river water after being discharged
from general hospitals.2,7 These data highlight the urgent and
unmet need for discovering new classes of antibacterial agents
and novel transformative technologies that can enable bacterial
monitoring and management in water systems, including
potable water, both proactively preventing and subsequently
mitigating the rapid emergence of resistance.
The current classical approaches for detection of whole

bacteria include cell culture,8,9 polymerase chain reaction
(PCR),9,10 and immunoassays.9,11 These methods, although
highly popular, are also time consuming and require tedious
operations with various pre-processing steps and skilled
personnel.9 On the other hand, free endotoxin, which is a
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major pyrogen whose contamination in drugs and pharma-
ceuticals is very strictly enforced by all regulatory authorities in
the world, is mostly identified using the Limulus Amebocyte
Lysate (LAL) test.12,13 The LAL test, however, is exorbitantly
expensive and highly dependent on key factors such as pH and
temperature. An alternate test that is simple, selective, rapid,
sensitive, and economical for endotoxin detection can be of
immense value for screening drugs and related products in the
pharmaceutical manufacturing industry. Over the past years,
some advances have been made in developing new techniques
such as colorimetric and electrochemical assays,14 surface-
enhanced Raman scattering (SERS),15 mass spectrometry,16

and peptide nucleic acid fluorescence in situ hybridization
(PNA-FISH)17 methods for bacterial detection. Recently,
AIEgens turn-on probes for free endotoxin identification
have emerged as promising alternatives for rapid detection of
bacterial contaminants with high sensitivity.18−25 Unlike
conventional organic fluorophores, AIE fluorescent probes
have unique advantages of a high quantum yield, excellent
photostability, no self-quenching, and a light-up response
against analytes which make them ideal scaffolds for
bioimaging, sensing, and therapy applications.26−31 In a few
rare examples of AIE-derived transition metal complexes as a
theranostic agent, multifunctional zinc(II)32,33 and cyclo-
metalated iridium(III)34 complexes have been used as a
probes for bioimaging and annihilation of bacteria.

In the present study, we sought to develop metal-based
multifunctional AIE-theranostic probes for rapid, selective,
ultrasensitive, and naked-eye bacterial detection and broad-
spectrum antibiotics. Cyclometalated iridium(III) polypyridine
complexes were found to be ideal candidates for this purpose
owing to their superior photophysical properties and
straightforward routes for synthesis in comparison to conven-
tional organic fluorescent dye analogues for biomedicine,
imaging, and sensing.35−39 The luminescent nature of the
Ir(III) complexes was employed for detection of bacteria
mediated through the ubiquitous surface endotoxins, LPS and
LTA, that are present in approximately one million copies per
cell on the outer wall of all Gram-negative and Gram-positive
bacteria, respectively.40,41 To obtain the dramatic signal
response with our binding probes, we leveraged the unique
molecular structures of LPS and LTA. As shown in Figure 1a
and 1b, LPS and LTA are highly negatively charged molecules
due to the presence of multiple phosphate and/or carboxylate
groups present on them. Further, these molecules contain
hydrophobic regions: six alkane chains in LPS and two in LTA
per structural unit. The cationic Ir(III) complexes were
designed in such a way that they could cotarget two or more
of these cytoskeletal regions via electrostatically mediated
hydrophobic interactions to drastically improve the sensitivity
of our biosensing system (Figure 1c). Targeting these naturally
amplified biomarkers present on the outer wall/membrane of
the bacteria using Ir(III) complexes induced a strong

Figure 1. Objective of the present study. (a and b) Molecular structures of lipopolysaccharide (LPS) (a) and lipoteichoic acid (LTA) (b). (c)
Proposed model for cyclometalated Ir(III) complex-mediated theranosis. Cationic Ir(III) complexes bind to the negatively charged LPS/LTA
molecules either present on the bacterial surface or available freely in solution. This intermolecular association results in the facile π−π stacking
interactions, which leads to a strong luminescence emission and rapid bacterial sensing. Further, bacterial cell death occurs due to membrane
disruption and ROS generation by the Ir(III) complexes.
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luminescence emission response to reach unprecedentedly low
detection limits of 1.2 CFU/mL within 5 min in spiked water
samples. Noteworthy, the bacteria were detectable even by the
naked eye at a higher concentration. In addition, the complexes
displayed potent antibacterial activity against highly drug-
resistant bacteria such as CRAB and MRSA. This unique dual
detection and inhibition capability of our scaffolds makes them
potential contenders for a wide variety of pharmaceutical
applications such as testing of parenteral drugs, biological
products, etc., and monitoring and purification of environ-
mental and potable water.

■ RESULTS AND DISCUSSION

Design and Characterization of Iridium-Based AIE-
gens. The cationic bis-cylometalated iridium(III) polypyridine
complexes (1−3) were synthesized to serve as bacterial
theranostic agents (Figure 2a and Scheme S1). Synthesized
ligands and the complexes were characterized by different
analytical and spectral techniques (Figures S1−S17). The
iridium(III) center was coordinated with two cyclometalating
phenylquinoline (C^N) ligands and one bipyridine (N^N)
that acts as an ancillary ligand to obtain a stable octahedral
geometry. Complex 1 was appended with two ethyl ester
moieties in the bipyridine ligand, whereas complexes 2 and 3
were appended with varying lengths of bis-polyethylene glycol
(PEG) derivatives to enhance their aqueous solubility and
biocompatibility and minimize cytotoxicity.42 The Ir(III) metal
ion was chosen due to its low-spin 5d6 outer-shell electronic
configuration that is known to form kinetically inert and robust
complexes.37,43 The solid-state structure of complex 1 as its
PF6 salt (1a) was also characterized by X-ray crystallography
(Tables S1 and S2 and Figure 2b). The complex crystallized in
the monoclinic space group P21/c. We purified the complex as
a racemic mixture and used it for further studies. No attempt
was made to purify the enantiomers or to determine the
enantiomeric excess.
The complexes displayed intense absorption bands in the

280−355 nm region attributed to spin-allowed intraligand
(1IL) π → π* transitions for C^N and N^N ligands (Figure
S18). The less intense absorption bands that appeared in the
425−430 nm region were assigned to the mixed singlet and
triplet metal-to-ligand charge-transfer (1MLCT and 3MLCT)
(dπ(Ir) → π*(N^N and C^N)) and ligand-to-ligand charge-
transfer (LLCT) (π(C^N) → π*(N^N)) transitions.35,39

Upon excitation at 450 nm, the complexes exhibited weak
red emission bands in the range of 680−696 nm (Figure S19).

The emission lifetimes of the complexes were measured to lie
between 60 and 66 ns, suggesting the phosphorescent nature of
these emissions,35 and their quantum yields fell between
0.0072 and 0.0091 (Table S3 and Figure S20).
The AIE properties of cyclometalated iridium(III) com-

plexes were investigated by varying the THF content in a
water−THF mixture. Since the complexes readily solubilized in
water but not in THF, the latter was used to induce
aggregation of the complexes in water. The complexes were
weakly emissive at ∼680 nm (λex = 450 nm) in aqueous
solution, and the emission intensity of the complexes gradually
enhanced by approximately 19-fold with shifting emission
maxima (∼15 nm) as the amount of THF was increased from
0% to 98% in the mixed solutions, keeping the complex
concentration same in the total solvent mixture (Figures 2c
and S21). As the amount of THF increased in the mixture,
aggregated particles formed.44,45 The concurrent enhancement
of the emission intensity and shifting of the emission maxima
suggested unique AIE properties of the complexes.

Aggregation-Induced Emission Detection of Bacte-
rial Endotoxins. As mentioned above, cyclometalated Ir(III)
complexes display rich photophysical characteristics, a property
that was exploited in our study for rapid detection of bacterial
endotoxins. To this end, complex 2 was titrated with LPS/LTA
in aqueous media at room temperature, and its phosphor-
escence intensity was measured after 2 min. We found that the
phosphorescence intensity of this otherwise weakly emissive
molecule showed a systematic LPS/LTA concentration-
dependent increase in the 550−800 nm range (Figure 3a).
The peaks were also slightly blue shifted. In contrast, negative
control experiments performed with no LPS/LTA or LPS/
LTA alone (no complex) showed a minimal change in the
phosphorescence spectra (Figure S22). A plot of the emission
intensity at 680 nm as a function of LPS concentration gave a
linear dynamic response up to 1.4 μM (Figure 3b), and using
the formula mentioned in eq S1 (see Supporting Information),
the limit of detection (LOD) was found to be 4.29 nM for LPS
(Table S4 and Figure 3c). This low LOD was comparable to if
not better than that reported in the literature for other
detection systems,19,25,46,47 whereas complex 2 yielded an
LOD value of 6.90 nM with LTA (Figure S23). When
experiments were repeated with the remaining two complexes,
complex 1 displayed a 2.5-fold increase in LOD with LPS and a
2-fold reduction with LTA (Figures S24 and S25), while
complex 3 gave a 3−4 times higher LOD with both LPS and
LTA (Table S4 and Figures S26 and S27).

Figure 2. Designed iridium scaffolds and photophysical study. (a) Molecular structures of cyclometalated Ir(III) complexes (1−3) used as dual-
theranostic agents in this study. (b) X-ray crystal structure of complex 1 as its PF6 salt (1a). Hydrogen atoms and counterion have been omitted for
clarity. (c) Emission spectra of complex 2 (50 μM) in a water−THF mixture with different THF fractions ( f t). (Inset) Corresponding
phosphorescent emission images of complex 2 at room temperature in a water−THF mixture with different THF fractions ( f t) taken under
illumination of a 365 nm UV lamp.
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We believe that this increase in emission intensity is due to
the C^N and N^N ligands attached to the Ir(III) center that
provide strong intermolecular π−π stacking interactions of the
complexes upon formation of LPS/LTA−Ir(III) aggre-
gates.48,49 The LPS/LTA most likely binds to the cationic
Ir(III) complexes via electrostatic interactions through their
negatively charged phosphate groups, and this interaction is
further facilitated by hydrophobic interactions through the
alkyl chains on the LPS/LTA molecules. This dual mode of
interaction was found to be unique to these molecules as
various other biologically relevant molecules such as the
negatively charged lipid A, phosphate, adenosine triphosphate
(ATP), calf-thymus DNA (ct-DNA), ethylenediaminetetra-
acetic acid (EDTA), sodium dodecyl sulfate (SDS), bovine
serum albumin (BSA), L-glutamate (Glu), acetate, nitrate, and
sulfide, positively charged phosphatidylcholine (PC), NAD+, L-
histidine (His), CuSO4, and ZnCl2, and neutral molecules like
glucose, guanine, and L-cysteine (Cys) failed to show any
significant change in signal (Figure S28). A marginally higher
emission intensity seen in the case of lipid A, SDS, and ct-DNA
(relative to other controls) corroborated with our hypothesis
of electrostatically mediated hydrophobic interaction. Thus, in
conclusion, complex 2 was found to be highly selective for
LPS/LTA detection. The reduced tendency of complex 3 to
interact with LPS/LTA was attributed to its higher extent of
self-aggregation.
The results of our emission titration studies were further

confirmed by a number of orthogonal techniques like dynamic
light scattering (DLS), zeta potential (ξ) measurements, and
transmission electron microscopy (TEM). DLS was carried out
to determine the hydrodynamic size distributions of the Ir(III)
complexes in the absence and presence of endotoxins. The
hydrodynamic size of complex 1 was undetectable in the

absence of LPS/LTA, whereas complexes 2 and 3 bearing PEG
chains on the N^N ligands showed reasonably high hydro-
dynamic diameters (>120 nm) even in the absence of LPS/
LTA (Table S4 and Figures 3d and S29−S31). These high
hydrodynamic diameters of complexes 2 and 3 were suspected
to be due to the self-aggregation of these molecules, as the
presence of long hydrophilic PEG chains and hydrophobic
aromatic ligand moieties (C^N and N^N) tend to promote
micellization. This was also confirmed by TEM study (Figure
S32a). Addition of LPS/LTA was accompanied by a significant
increase in the hydrodynamic sizes in all the cases, which
confirmed the successful interaction between Ir(III) complex
and LPS/LTA. Direct evidence of binding in complex 2 was
given by TEM, which demonstrated that the complex was
considerably more aggregated in the presence of LPS/LTA
(Figure S32b and S32c). Similarly, zeta potential measure-
ments showed that the average negative charge on LPS
molecules (ξ = −32.7 ± 2.95 mV due to the presence of
abundant phosphate groups) dropped systematically as a
function of complex 1−3 concentration as they were put in 3−
17 molar excess in the aqueous solution, indicating an
electrostatic mode of binding (Table S5). Analogous experi-
ments with LTA could only be reproduced by reverse addition
wherein the ξ potential of the complexes was measured upon
addition of varying amounts of LTA. Once again, the average
positive charge on complexes 1−3 (+34.5 mV < ξ < +44.5
mV) gradually decreased upon addition of increasing
concentrations of LTA, implying electrostatically mediated
interaction between Ir(III) complex and LPS/LTA (Table S6).
To further investigate the practical applicability of Ir(III)
complexes for endotoxin detection in real conditions, we
examined the effect of pH on complexes 1 and 2 in the
presence of LPS or LTA. The results showed that the
phosphorescence intensity at 680 nm indeed did not change
significantly for only complex or complex in the presence of
LPS or LTA in a wide pH range from 4 to 9 (Figure S33),
making our complexes more superior to their existing
analogues.

Antibacterial Activity of Iridium Complexes. The
results for the interaction of complexes 1−3 with LPS/LTA
encouraged us to investigate their potential for antimicrobial
activity in a variety of Gram-negative and Gram-positive
bacteria including the resistant strains. Recently, Sadler et al.
also demonstrated that organometallic Ir(III) complexes
containing chelating biguanide ligand exhibit potent activity
against Gram-negative and Gram-positive bacteria.43 Several
studies have proven that the balance of lipophilicity and
hydrophilicity plays a vital role in the cellular uptake of drugs.50

Therefore, before initiating the antibacterial studies, we first
checked the lipophilicity index (log Po/w value) of our
complexes by measuring their partition coefficient in an n-
octanol/water system using the classical flask-shaking
method.51 The results summarized in Table S7 showed that
the lipophilicity index of complexes 1, 2, and 3 decreased as
1.89, −0.78 and −1.01, respectively, with increasing hydro-
philic character, which indicated that the complexes were
moderately lipophilic. Thus, these molecules were taken
forward for antimicrobial testing.

MIC Determination. Next, the minimum inhibitory
concentrations (MICs) of our complexes were determined
against the ESKAPE group of bacteria (World Health
Organization’s top priority list of pathogens). These were,
namely, the Gram-positive bacteria Enterococcus faecium (E.

Figure 3. Detection of bacterial endotoxin. (a) Emission titration
spectra of complex 2 (50 μM) in aqueous medium upon gradual
addition of LPS (0−3 μM). (Inset) Phosphorescent emission images
at room temperature of complex 2 (50 μM) under illumination of a
365 nm UV lamp in the (i) absence and (ii) presence of LPS (3 μM),
respectively. (b) Plot of the emission intensity of 2 at 680 nm with
LPS showing a linear dynamic range between 0 and 1.4 μM. (c) Limit
of detection (LOD) of LPS and LTA by the complexes determined
from the linear fit curve of emission titration using fluorescence
spectroscopy. (d) Hydrodynamic diameter (d) of the complexes (50
μM) measured by dynamic light scattering (DLS) in the absence or
presence of 3 μM LPS/LTA. All data are reported after 2 min of
complex-LPS/LTA incubation.
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faecium) and methicillin-sensitive Staphylococcus aureus (S.
aureus) (MSSA) and Gram-negative bacteria carbapenem-
sensitive Acinetobacter baumannii (A. baumannii) (CSAB). In
addition, Escherichia coli (E. coli), Salmonella typhi (S. typhi),
carbapenem-resistant A. baumannii (CRAB), and methicillin-
resistant S. aureus (MRSA) were also tested. Our results
showed that complexes 1 and 2 were highly potent against all
types of bacteria, except S. typhi, with MIC values ≤ 5 μg/mL
(1−4 μM) in all cases (Table S8 and Figures 4a, S34, and

S35). Exceptionally good efficacy was found against CRAB and
MRSA when compared to existing antibiotics vancomycin and
polymyxin B sulphate. In all the other cases too, complexes 1
and 2 showed comparable performance to vancomycin. On the
other hand, polymyxin B was found to be active only against S.
typhi (MIC < 1 μg/mL (or < 0.76 μM) and showed ≥30 μg/
mL (or ≥23.04 μM) MIC against all other bacteria. Overall,
complex 1 was found to be slightly more superior than 2 for all
of the pathogens and interestingly showed more activity
against the resistant bacteria as compared to their wild types.
Complex 3, however, showed only moderate activity against
MRSA, MSSA, CRAB, and CSAB (MIC in the range of 20−30
μg/mL (12.16−18.24 μM)) and was found to be ineffective
against E. coli, E. faecium, and S. typhi (MIC > 30 μg/mL or
>18.24 μM). This observation correlated with our detection
results (Table S4) and is again thought to be a result of the
reduced interaction between complex 3 and the bacterial
surface. This also corroborates well with the lipophilicity (log
Po/w) experimental results that suggest that the uptake of
compounds within bacterial membranes increases with lip-
ophilic character. Therefore, it was suspected that complex 1
would be most active against both Gram-negative and Gram-
positive bacteria due to its lipophilic nature. However, none of
the ligands (L1−L3) alone showed antibacterial activity
against any of the bacteria and exhibited MIC > 30 μg/mL
(or > 28.88 − > 99.61 μM) (Table S8 and Figures S36 and
S37).
To further determine the minimum bactericidal concen-

trations (MBCs) of complexes 1 and 2, we examined their
antibacterial activity in both Gram-negative and Gram-positive
bacteria and compared the results to vancomycin (Table S9
and Figures 4b and S38−S40). The MBC value was
determined by taking aliquots from the wells showing less or
no turbidity in the MIC experiments and replating them on
agar plates. The concentration where no bacterial colony was
observed was termed the MBC. The MBC/MIC ratio that
decides whether the death caused by the compound is
bacteriostatic or bactericidal in nature was found to be ≤4

for complex 1 against CSAB and E. coli and for complex 2
against E. coli and E. faecium, indicating that cell death was
bactericidal in these cases. On the other hand, MBC/MIC was
found to be >4 for complexes 1 and 2 against all other bacteria,
suggesting a bacteriostatic mode of cell death. Vancomycin
showed bacteriostatic cell death in all the cases except CRAB
and MRSA.

Mechanism of Drug Action. The most likely mechanisms
for bacterial cell damage by complexes 1 and 2 were
hypothesized to be cell membrane disintegration and
generation of reactive oxygen species (ROS). To quantify
the amount of ROS generated in our system, a time-dependent
dichlorofluorescein diacetate (DCFH-DA) assay was carried
out in which a cell-permeable fluorogenic probe DCFH-DA
that undergoes oxidation to form 2′,7′-dichlorofluorescein
(DCF) with a maximum emission at 528 nm and fluorescence
intensity proportional to ROS concentration. Thus, different
concentrations of complex 1 or 2 were incubated with MSSA,
MRSA, CSAB, or CRAB. The results showed that the
fluorescence intensity was enhanced over time in a dose-
dependent manner, confirming ROS generation (Figures 5a,
5b, and S41−S43). Also, the fluorescence intensity at all times
was higher in complex 1 than in complex 2, suggesting that the
former had greater antibacterial potency. This was in
agreement with our results in Figure 4.

Figure 4. Antibacterial activity studies. (a) MIC values of complexes
1−3 and vancomycin (Van). (b) MBC values of complexes (1 and 2)
and Van obtained against different bacterial strains. Error bars are
omitted for clarity. See Tables S8 and S9 for specific values.

Figure 5. Mechanistic aspects of antibacterial activity. (a and b)
Quantification of ROS generation by DCFDA dye at different time
intervals after treatment with 5 μg/mL (or 5.33 μM) complex 1 and 5
μg/mL (or 4.01 μM) complex 2. (c−f) Time-resolved fluorescence
spectroscopy data obtained for membrane permeabilization (c and d)
and membrane depolarization (e and f) events using PI and DiSC3(5)
dyes, respectively. Figures a, c, and e and b, d, and f were studied in
MRSA and CRAB, respectively. Blue, black, and red bars and symbols
imply control (no complex), complex 1 (5 μg/mL), and complex 2 (5
μg/mL), respectively. Arrows in graphs e and f represent the addition
of complex at that point.
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Similarly, the membrane-targeting mechanism of action was
investigated in all four bacteria by assessing the changes in
their cytoplasmic membrane permeabilization and membrane
potential using fluorescence spectroscopy. For membrane
permeabilization experiments, propidium iodide (PI) dye was
used as it selectively enters the cytosol of bacteria whose
membrane has been compromised and fluoresces at 617 nm
upon binding to the DNA. Thus, any real-time change in
bacterial membrane permeability can be picked up easily by
measuring the fluorescence response. Our results showed that
the PI fluorescence intensity was significantly more enhanced
in complexes 1 and 2 as compared to the control (no complex)
case, indicating that both complexes were able to effectively
permeabilize the cytoplasmic membrane of the bacteria
irrespective of their gram status (Figure 5c, 5d, and S43).
Marginally higher fluorescence intensities were detected in
complex 1 than in complex 2, as expected from our above
results. For the cytoplasmic membrane depolarization studies,
a voltage-sensitive fluorescent dye called 3,3′-dipropylthiadi-
carbocyanine iodide (DiSC35) was used. This cationic dye
fluoresces at 670 nm and is capable of penetrating lipid bilayers
and accumulating inside polarized bacterial cells, leading to its
fluorescence quenching. The fluorescence intensity can be
recovered once the dye diffuses back into the media upon
bacterial membrane disintegration due to stress-induced
depolarization. When cells were treated with this dye our
results too showed initial quenching but upon addition of
complexes 1 and 2 displayed a rapid increase in fluorescence
intensity compared to controls, confirming that complexes 1
and 2 were both membrane active (Figures 5e, 5f, and S43).
On the basis of the level of fluorescence enhancement,
complex 1 appeared to be a faster-acting drug compared to 2 in
agreement with all our experimental results presented so far.
Several mechanistic studies in the literature reveal that a

two-step mechanism could be involved in the interaction
between the bacteria and the Ir(III) complexes.52 This involves
increased ROS production of mainly hydroxyl radicals and
singlet oxygen and the accumulation of Ir(III) complexes on
the surface of bacteria, causing disruption and disorganization
of the cell membrane. In our case, the membrane
permeabilization and depolarization effects were observed
within 1−2 h upon treatment with the complexes, whereas
ROS generation showed an exponential increase after 12 h,
indicating ROS generation was involved as a secondary
pathway in the killing of bacteria. Therefore, from the above
results, we believe that the Ir(III) complexes first bind

electrostatically with the LPS/LTA present on the outer
membrane of bacteria, resulting in some sort of dislodging and
loss of membrane integrity. Finally, the complexes enter inside
the bacterial cytoplasm, leading to ROS-mediated cell death.
This dual mode of bacterial annihilation is highly beneficial
compared to conventional antibiotics in which a gain in
resistance is easier due to specific targets. ROS, on the other
hand, provides random oxidation of DNA, RNA, protein, and/
or lipid, leading to bacterial destruction and thus prevents
development of any specific resistance mechanisms in
bacteria.32,53

Dual Functionality of Iridium Complexes for Rapid
Detection and Targeting of Whole Bacteria. So far, we
have successfully illustrated how our iridium complexes can be
separately used for detecting free bacterial endotoxins (LPS
and LTA) and for killing of both Gram-negative and Gram-
positive classes of bacteria in an equally efficient manner. Since
bacteria actively shed endotoxins during their life cycle or as
they undergo external stress-induced cell death, we further
hypothesized that our unique iridium scaffolds could even be
applied for rapid detection of whole bacteria, allowing
simultaneous cell removal and death monitoring in a single
setup without using any external molecular detection probes.
This could be a major step forward in the way live bacterial
contaminants, posing a major health hazard, are assessed in
potable water, food products, and biopharmaceutical for-
mulations. To test our hypothesis, endotoxin-free water was
spiked with CRAB along with complex 1 or 2, and its emission
response and viable cell concentration was measured as a
function of time. Indeed, the kinetic plots of emission intensity
showed an upward monotonic trend until the signal reached
saturation around 7 h once all of the bacteria in the system
(starting concentration 2.5 × 108 CFU/mL) were dead
(Figures 6 and S44). The earliest response could be measured
as early as 30 min into the assay using both complexes. These
results clearly established the theranostic capabilities of our
molecules and the great promise they hold for dual monitoring
and treatment of bacteria-infected samples.
Another advantage of our system was the simplicity and the

broad tunability of the assay in terms of the time and
concentration range required for cell detection. Using 108

CFU/mL cells and 400 μg/mL (or 420 μM) of complex 1 or
400 μg/mL (or 320 μM) of complex 2, we found that the
bacteria agglutinated immediately and formed large pellets at
the bottom of the eppendorf tubes which could be visualized
by the naked eye within just 10 min (Figure 7a). The naked-

Figure 6. Theranostic capability of iridium probes. (a) Kinetics of bacterial detection using fluorescence spectroscopy (hollow data points) and
growth inhibition by the counting method using agar plates (solid data points) in carbapenem-resistant A. baumannii (CRAB) by 15 μg/mL (or
16.01 μM) complex 1 (□, ■) and 15 μg/mL (or 12.05 μM) complex 2 (○, ●) in aqueous medium. (b) Kinetics of growth inhibition of CRAB
treated with 15 μg/mL complex 2 in aqueous medium. Bacterial inhibition was monitored using agar plates.
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eye detection of bacteria-spiked water samples is one of the
first such examples using metal complexes. Fluorescence
optical micrographs of these samples displayed a strong red
emission, confirming Ir(III)-complex-mediated cell aggregation
(Figures 7b(ii, iii, v, and vi) and S45), whereas control samples
with only bacteria appeared blank (Figure 7b(i, iv). Adjusting
the relative concentration of the complexes and cells could also
control the agglutination kinetics. For instance, lowering the
complex concentration by one-half (to 200 μg/mL) doubled
the naked-eye visualization time to 20 min for 108 CFU/mL
bacteria. Furthermore, fluorescence spectroscopy data showed
concentration-dependent detection of bacteria in the range of
101−106 CFU/mL within only 5 min (Figure 7c). The linear
dynamic range of the assay extended over 5 orders of
magnitude (101−105 CFU/mL) for complexes 1 and 2 and
gave LODs of 1.2 ± 0.5 and 1.5 ± 0.3 CFU/mL, respectively,
using eq S1 (Figure 7d). This low-concentration detection was
made possible due to the approximately million-fold increase
in the LPS/LTA biomarker concentration (per cell) that could
be picked up rather easily by our system. To the best of our
knowledge, this low limit of detection is one of the best
reported to date with small molecules. Thus, we provide a
sensitive yet simple, wash-free, low-cost, and real-time method
to monitor bacterial contamination in aqueous samples.
Cytotoxicity Studies. Finally, to establish the full potential

of our molecules for any real-life application, the cytotoxicity of
complexes 1−3 was investigated against model human red
blood cells (RBCs) and human embryonic kidney cells (HEK
293) to know the specificity of our molecules toward bacteria.
For this, the hemolytic activity of the complexes was reported
in terms of HC50 values or the concentration of complexes at
which 50% of the RBCs got lysed. The HC50 values in all the
cases were found to be reasonably high (>25 μg/mL or 27.76−
37.76 μM), which corresponded to 10× MIC values of the

respective complexes. More notably, the hemolytic activity was
seen to vary inversely proportional to the PEG chain length
(Table S7 and Figure S46). Similarly, the cytotoxicity (IC50) of
the complexes in HEK 293 cells was found to be 3−4 times the
MIC value determined using MTT assays (Table S7 and
Figure S47). These results showed moderate biocompatibility
of our complexes with mammalian cells. On the basis of the
literature, these results are not unexpected and imply that the
incorporation of a hydrophilic moiety in the positively charged
iridium headgroup may be necessary as a trade-off to balance
the complex’s antimicrobial and cytotoxic activity.54 In other
words, complex 2 bearing the PEG200 chain may after all be the
best candidate to take forward as an antimicrobial drug for in
vivo purposes.

■ CONCLUSIONS

In summary, we have developed a simple and robust system for
rapid and simultaneous detection and inhibition of drug-
resistant bacteria using novel cyclometalated iridium(III)
complexes (1−3). Complexes 1 and 2 were found to be
more superior as antibacterial and biosensing agents. These
complexes showed AIE-based detection of endotoxin (LPS and
LTA) in a lower nanomolar range in aqueous media. More
notably, both complexes were highly selective toward LPS/
LTA detection compared to common biomolecules. In the
case of whole bacterial cell detection, concentrations as low as
1.2 CFU/mL were reliably detected spectroscopically within 5
min in aqueous solution, and is one of the best reported to
date by small molecules. Also, at higher concentrations of 108

CFU/mL, rapid bacterial agglutination could be detected by
the naked eye in only 10 min, which is also the first such
example by metal complexes. This can be particularly useful for
quick yes/no-type screening of water samples containing high
loads of bacterial contamination in resource-poor settings.

Figure 7. Bacteria sensing studies. Rapid bacterial agglutination test in spiked water samples visualized by (a) the naked eye, (b) optical
microscopy, and (c, d) fluorescence spectroscopy. In a, 108 CFU/mL MRSA and CRAB were treated with 400 μg/mL (or 420 μM) complex 1 and
400 μg/mL (or 320 μM) complex 2. Labels: 1, only bacteria; 2, only complex 1; 3, complex 1 + bacteria; 4, only complex 2; 5, complex 2 +
bacteria. In b,108 CFU/mL of MRSA was treated with 400 μg/mL complex 1 and 2, and results were observed in complementary bright-field (i−
iii) and fluorescence (iv−vi) modes. Here, left panels indicate results for bacteria only, middle panels for bacteria treated with complex 1, and right
panels for bacteria treated with complex 2. In c, different concentrations (101−106 CFU/mL) of CRAB were treated with 50 μg/mL (or 53 μM)
complex 1 and 50 μg/mL (or 40.1 μM) complex 2, and its phosphorescence emission intensity was measured after 5 min. In d, the LODs of CRAB
by complexes 1 and 2 were determined from the linear fit calibration curve using fluorescence spectroscopy in the range from 101 to 105 CFU/mL.
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Both complexes 1 and 2 also exhibited potent antibacterial
activity with low MIC values (≤5 μg/mL or 1−4 μM)
comparable to existing antibiotics against a wide range of high-
priority Gram-negative and Gram-positive bacteria, including
MRSA and CRAB. The cytotoxicity studies suggested higher
specificity of our compounds toward bacterial cells compared
to mammalian cells, and the specificity increased upon
introduction of a PEG moiety. The mechanism of cell death
was found to be loss of membrane integrity followed by ROS
generation. Overall, the simple affordable design strategy and
dual theranostic capability of our system lends itself to further
investigation for commercial exploitation as the chemical
syntheses procedures can be easily scaled to meet the demands
of routine quality testing of many pharmaceutical formulations
before they are accepted and released as finished products. In
addition, detection of coliform contamination in potable water
could save many lives and lower the total consumption of
antibiotics in our society, in turn curbing the problem of AMR.
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