


 

 

ABSTRACT 

Long-lived Luminescent Metal Complexes for Molecules Sensing and 

Nanotube Dispersion 

by 

Kewei Huang 

Phosphorescent heavy-metal complexes are one class of excellent 

photoluminescent materials. The heavy metal-induced spin–orbit coupling leads to 

singlet–triplet state mixing, thus decreases the “spin-forbidden” component of the 

radiative relaxation of the triplet state, and consequently improves the 

phosphorescence quantum efficiency and radiative emission lifetime. Moreover, the 

emission maxima of metal complexes can be easily tuned through the ligand 

modification and the change of central metals.  

Ruthenium(II) and Iridium(III)-based complexes have d6 electronic 

structures. The advantageous photophysical properties including long lifetime, large 

Stokes shift and long wavelength excitation provide them to be good candidates for 

chemosensors.  This thesis focuses on the development of novel iridium and 

ruthenium complexes for small molecules sensing. Their long-lived 

photoluminescence lifetime allows detecting analytes even in the presence of short-

lived background fluorescence by using time-gating techniques. 

An overview of the developing trends in molecular beacon design and 

applications will be introduced in Chapter 1. In Chapter 2, the long-lived emission of 
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Ir(III) and Ru(II) complexes are combined with time-resolved spectroscopic 

techniques for optimizing the sensitivity of molecular beacons. A novel iridium 

complex with long-lived photoluminescence will be discussed in Chapter 3, which 

can be used for the detection of thiol-containing amino acids in the presence of 

strong background fluorescence. In Chapter 4, pre-exponential factors derived from 

time-resolved experiments will be applied for quantifying free histidine in mixtures 

with histidine-containing proteins. The last Chapter is the development of the new 

application of Ruthenium complexes as a media for dispersion nanotubes in 

aqueous solution. 
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Chapter 1 

Recent trends in molecular beacon 

design and applications 

(The chapter contains review work published in Analytical and Bioanalytical 

Chemistry, 2012, 402, 3091-3102)  

1.1. Introduction 

Molecular beacons (MBs), first proposed by Tyagi and Kramer in 1996,1 are 

hairpin-structured probes (Figure 1.1) which have been widely used in many areas, 

such as the detection of PCR products, mutational analysis, clinical diagnosis, 

genotyping, and allele discrimination.2-8 The hairpin structures of MBs resemble the 

hairpin secondary structures commonly found in RNA, which lead to the unique 

properties of the probe. Briefly, a MB is an oligonucleotide that contains a 

photoluminescent species (PLS) and a quencher at different ends of the strand.1 The 
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MB has two distinctive parts: the loop portion, which is the probe part and is 

designed complementary to a desired target nucleic acid sequence, and the stem, 

which is formed of two self-complementary regions composed of five to six 

nucleotides at opposite ends of the strand. In the absence of the target, the 

complementary parts of the stem hybridize together, prompting the formation of a 

hairpin structure (loop–stem), bringing the PLS and the quencher into close 

proximity. Owing to the close proximity enforced structurally by the stem, the 

quencher deactivates the PLS excited state generally by energy transfer or 

collisional quenching, resulting in a strong quenching of the photoluminescence. 

However, after hybridization with the target, the MB changes its conformation, 

forcing the PLS and quencher far apart and resulting in restoration of the MB photo 

luminescence. This selective conformational change permits the observation of 

photoluminescence from the PLS in principle, only after the probe has selectively 

hybridized to the target.9,10 The first reported MB consisted of a five-base-pair stem 

and an 18-base loop section with 5-2’-aminoethyl)aminonaphthalene-1-sulfonic 

acid as the PLS at the 5’ end and 4-(4’-dimethylaminophenylazo) benzoic acid 

(DABCYL) at the 3’ end acting as the quencher.1  

 

Figure 1.1 The principle of operation of a molecular beacon (MB). 
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MB probes have high specificity toward single-base mismatch; however, their 

sensitivity (defined as the ratio of the photoluminescence in the open versus the 

closed form; signal-to-background ratio) is limited in many cases owing to 

incomplete quenching in the closed form. Making better MBs involves improving the 

quenching efficiency, which is related to developing new PLS or quenchers, as well 

as innovative PLS and PLS–quencher systems.11 

A recent advancement in MB technology involves the use of hybrid materials 

for DNA and RNA detection.12 Hybrid materials bring several advantages in 

improving the sensitivity of MBs, and many different probes have been developed.13-

15 The good recognition properties of MBs, combined with the unique optical 

properties of inorganic materials, make these composite materials promising for use 

in the field of bioanalysis.16 Heavy-metal complexes, nanocrystals, pyrene 

compounds, and other materials with excellent photophysical properties have been 

applied as PLS of MBs. Nanoparticles, nanowires, graphene, metal films, and many 

other materials have also been introduced to quench photoluminescence. Combined 

with a variety of detection approaches, MBs have become a powerful tool for real-

time detection of single-stranded DNA and messenger RNA (mRNA) in vitro and in 

vivo. Optimized MBs have subnanomolar detection limits, and a high level of 

simultaneous detection has been obtained (i.e., more than four different 

sequences).2 

In this chapter, we cover current hot topics on the modification of PLS and 

quenchers, as well as recent applications that depart from those of classic MBs. 
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1.2. Modification of the photoluminescent species 

MBs make use of PLS as reporter groups. Improving MB design, therefore, 

involves finding new and improved PLS. In this section we review some of the latest 

advances in this area. 

1.2.1. Metal complexes 

One of the most studied metal complexes is tris(2,2’-

bipyridine)ruthenium(II), [Ru(bpy)3]2+, which was first applied by Wilson and 

Johansson as a reporter group for MB design (Figure 1.2a).17 A Black Hole 

Quencher-2 (BHQ-2) was attached to the 5’ end of the oligonucleotide, and the 

[Ru(bpy)3]2+ was attached to the 3’ end. The recognition of the complementary DNA 

sequence was detected by photoluminescence and electrochemiluminescence. 

Interestingly, it was found that the signals derived from electrochemiluminescence 

were free from background photoluminescence and scattering. 

Zhang et al. developed another ruthenium complex based on a 

electrochemiluminescent MB probe (Figure 1.2b).18 In this approach, a thiolated 

hairpin DNA tagged with [Ru(bpy)3]2+ was self-assembled on the surface of a gold 

electrode. In the absence of target DNA, the hairpin DNA is in the folded 

configuration and its termini are held close to the surface of the electrode, allowing 

the generation of a strong electrochemiluminescence signal. Upon hybridization 

with target DNA, the double helix is formed and removes the ruthenium complex tag 

from the electrode surface. Thus, a decrease of the electrochemiluminescence signal 
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can be detected. Such an “on–off” mechanism was applied to detect single-stranded 

DNA. 

 

Figure 1.2  Metal complexes as PLS in MBs composites: a. MB containing a 

ruthenium complex as a PLS and an organic quencher (17); b. MB containing a 

ruthenium complex as a PLS on the surface of a gold electrode (18); c. MB 

containing metallophthalocyanines at both sides of the strand (19); d. MB 

containing a lanthanides complex as a PLS (20); e. MB containing a europium 

complex as a PLS (21). 

Water-soluble metallophthalocyanines are one class of metal complexes that 

were also introduced into the design of MBs by Nesterova et al.19 They are near-IR 

PLS with unique photophysical characteristics, such as (1) an intrinsic propensity to 

form nonfluorescent H-type dimers and (2) diminished metallophthalocyanine 

dimerization when the MB is hybridized to a complementary target. Figure 1.2c 

shows the basic design of the metallophthalocyanine dimer-based MB. Before 

hybridization of the MB to the target, two identical metallophthalocyanine 

molecules form a non-photoluminescent H-type dimer. Upon hybridization, the loop 

opens, disrupting the metallophthalocyanine dimer and restoring 

photoluminescence. 
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Krasnoperov et al. reported a series MB probes based on lanthanide 

complexes of Tb3+, Eu3+, Sm3+, and Dy3+.20 Because of their low absorbance (ε<1 M-

1cm-1), lanthanides must be “photosensitized,” which is achieved by attaching the 

lanthanide ion (through chelation) to an appropriate organic dye. 

Diethylenetriaminepentaacetic acid derivatives are used as chelating agents to 

attach the lanthanide ions. They are first coupled with oligonucleotides, followed by 

the addition of a lanthanide metal cation for chelation (Figure 1.2d). Time-gating 

was applied to reduce the interference from background emission, and detection 

limits can therefore be as low as 1 pM. 

Li et al. designed a MB with an Eu3+ complex with chlorosulfonylated 

tetradentate β-diketone as polydentate ligand and a BHQ-2 quencher (Figure 

1.2e).21 In their design, instead of chelating initially the Eu3+ cations with β-diketone 

derivatives, 1.0 equivalent of Eu3+ ions was added after the hybridization of the 

metal-free MB with the target DNA in buffer solution. The photoluminescence 

response increased with increasing Eu3+ concentration. The long-lived 

photoluminescence of Eu3+ is well distinguished from the short-lived background 

fluorescence and scattered light by using time-resolved methods. This MB probe has 

been used to qualitatively and quantitatively detect a target DNA sequence in cell 

growth media. 

1.2.2. Quantum dots 

Compared with organic dyes, photoluminescent semiconductor nanocrystals, 

such as quantum dots (QDs) made of CdSe and CdTe cores, have several unique 
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properties, which promise providing a significant advantage in bioanalytical and 

sensing applications.22 Some of these advantages include high quantum yields, 

narrow, symmetric, and stable photoluminescence, and size-dependent and tunable 

adsorption and emission,23 which makes them attractive as PLS in MB probes. One 

of the most used QDs in the design of MBs consists of a CdSe core material coated 

with a ZnS shell.24 The shell passivates the core, protects it from oxidation and 

bleaching, and at the same time significantly improves the photoluminescence.25-28 

ZnS-capped CdSe QDs were chosen to replace conventional organic dyes by 

Kim et al.29 The CdSe–ZnS core–shell QDs (3.7 nm in diameter) were first modified 

with mercaptoacetic acid and then conjugated with a 25-base oligonucleotide, which 

had the quencher DABCYL at the 3’ end (Figure 1.3a). The increase in 

photoluminescence was enough for target DNA monitoring using fluorescence 

resonance energy transfer (FRET) of the QD–DABCYL couple, even though its 

calculated FRET efficiency is less than that of the conventional 6-FAM/DABCYL 

donor–acceptor pair. The same group later developed multicolor QD-based hybrid 

MB probes with emissions at 525, 565, and 605 nm.30 The optical and gel-

electrophoretic characterization revealed the target DNA detection limits to be 8 ng. 

A similar reasoning was applied by Wu et al. to synthesize MBs for direct 

photoluminescence in situ hybridization of β-lactamase genes in the bacterium 

Escherichia coli.31 

Chen et al. discovered that QD-based MBs have the property of being 

retained in the cytoplasmic compartment of cells and thus can be used to measure 
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endogenous gene expression.32 Specifically, the expression of c-myc in MCF-t breast 

cancer cells was measured by quantifying the total photoluminescence signal 

emanating from individual cells. 

 

Figure 1.3 MB architectures using quantum dots (QDs) as PLS: a. MB 

containing a QD as a PLS and an organic quenchers (29-32, 40); b. MB 

containing a QD as a PLS and a gold nanoparticle as a quencher (33); c. MB 

containing a QD and an organic dye to form a dual-emssion MB (34); d. MB 

containing a QD with a silica shell and an organic dye for a more stable dual 

emssion MB (35); e. MB containing a QD as a PLS and graphene oxide (GO) as a 

quencher (23). 

With improved quenchers, Yeh et al. described a hybrid photoluminescent 

nanoprobe composed of a nuclease-resistant MB backbone, a CdSe–ZnS core–shell 

QD as the donor, and a gold nanoparticle (AuNP) as the quencher (Figure 1.3b).33 By 

using an AuNP to QD ratio of 6:1, they achieved a 7.3-fold increase in fluorescence 

signal upon target binding. In living cell experiments, a hexahistidine-appended Tat 

peptide was self-assembled onto the QD surface which allowed a nearly 100% 

noninvasive delivery of the MB within 2 h. By direct visualization of the 

photoluminescence obtained from the probe when it was bound to the newly 

synthesized CVB6 virus RNA, this AuNP-based MB probe provided sensitive and 
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real-time detection of infectious viruses as well as real-time visualization of cell-to-

cell virus spreading. 

Recently, Liu et al. reported a two-photon-excitation MB using a water-

soluble CdSe–ZnS core–shell QD as the energy donor and 6-carboxy-X-rhodamine as 

the acceptor (Figure 1.3c).34 This MB probe was constructed via specific binding 

between streptavidin on the surface of QDs and biotin covalently bound to the 

hairpin structure. This QD-based two-photon-excitation MB can distinguish 

complementary, noncomplementary, and single-base-mismatch DNAs with high 

specificity in aqueous buffer. Additionally, two-photon excitation MBs were used to 

discriminate target DNA from autofluorescence in a strongly fluorescent medium. 

Wu at al. coated CdSe–ZnS core–shell QDs with a silica shell and covalently 

coupled them to MBs (Figure 1.3d), since traditional water-soluble QDs coupled 

with MBs suffer from problems such as photoluminescence degradation, and 

chemical and colloidal instabilities in harsh environments (e.g., low-pH buffer).35 

The QDs had a high quantum yield over a wide range of pH values from 1 to 14. The 

small diameter (less than 10 nm) of those QDs allows efficient energy transfer in 

MBs. The reported QD-based MB probes are capable of detecting target DNA at 0.1 

nM concentration within 15 min and are capable of differentiating the target DNA 

from single-base-mismatched DNA.  

In addition to CdSe, QDs with a CdTe core have been extensively applied in 

MB design and bioanalysis.36-39 Dong et al. designed a novel MB based on FRET from 

CdTe QDs to graphene oxide (GO) (Figure 1.3e).23 The CdTe QDs were capped with 
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mercaptoacetic acid and coupled with oligonucleotides in buffer solution with N-

ethyl-N-(dimethylaminopropyl)carbodiimide. The MB detection method was based 

on GO binding to the QD-based MB. After addition of GO (0.1 μg/mL) to the solution 

of QD-based MBs (150 nM), the photoluminescence intensity of the QD-based MBs 

reduced rapidly to 10% of the original intensity, indicating the strong quenching 

effect of the GO on the photoluminescence of the QDs. However, when the QD-based 

MB was hybridized to target DNA, binding of GO was diminished and the 

photoluminescence was not efficiently quenched. The threshold of detection was 12 

nM. 

A novel method that combines capillary electrophoresis with MBs based on 

CdTe QDs for simultaneous detection of dual base mutation was recently reported 

by Li et al.40 Capillary electrophoresis is a highly efficient separation technique, and 

has been used in the hybridization analysis of MBs with DNA targets,41,42 in which an 

effective separation of the MB–target hybrid from the non-hybridized MBs can be 

achieved. The separation of the MB–target hybrid avoids the interference from the 

signal from the unhybridized MB, eliminating false-positive results completely. In 

their work, two MB probes were designed by conjugating CdTe QDs with emission 

at 585 and 650 nm to different DNA oligonucleotide sequences. The hybridization of 

QD-based MBs with different DNA targets was monitored by capillary 

electrophoresis, showing that QD-based MB probes specifically hybridize only with 

their complementary DNA sequences. Target DNA identification was observed to 

have a high sensitivity of 16.2 pg. Furthermore, the simultaneous detection of dual 
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single-base mutations in a given DNA oligonucleotide can be achieved by capillary 

electrophoresis using the two aforementioned QD-based MB probes. 

1.2.3. Pyrene excimer 

Pyrene, because of its tendency to form excimer, has been used as another 

kind of PLS, the emission of which can be regulated through the formation of π–π 

stacking aggregates. When an pyrene molecule in the excited-state is brought close 

to a pyrene molecule in the ground state, an excimer is formed whose emission is 

red shifted from the emission of the monomer.43 To date, pyrene has been employed 

as a PLS to signal the presence of small molecules,44 nucleic acids,45 and proteins.46 

 

Figure 1.4 MBs based on excimeric PL emission: a. MB containing two pyrene 

(P) molecules at opposite sides of the strand (43, 47); b. MB containing two 

pyrene (P) molecules at the same sides of the strand without quenchers (48); c. 

MB containing two pyrene (P) molecules at same sides of the strand with 

quenchers (49); d. MB containing two pyrene (P) molecules at opposite sides 

of the strand with extra length of the sticky end at one side (53); e. MB 

containing one pyrene (P) molecule incorporated into the middle region of the 
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stems (54); f. MB containing two pyrene (P) molecules incorporated into the 

middle region of the stems (55); g. MB contain two non-nucleosidic pyrenes (Y) 

and perylenediimides (E) as building blocks into the stem (11, 56); h. MB 

containing perylene-3,4,9,10-tetracarboxylic acid bisimides (P) intercalated 

into the stem (57). 

Fujimoto et al. developed a class of MBs with pyrene monomers at both the 5’ 

end and the 3’ end (Figure 1.4a).47 Upon addition of a target sequence (0.1–1.0 

equivalents), the color of the MB solution turned from yellow-green (λem=498 nm) 

owing to the pyrene excimer to pale blue (λem=382 nm), which is due to monomeric 

pyrene. The spectral changes could be followed up at a low concentration of 1 nM 

MB with a standard fluorescence spectrometer. One equivalent of target completed 

the switching of the emission and excess target led to no spectral change. 

Chen et al. made use of dual-pyrene-labeled MBs to detect ribonuclease 

RNase H.43 The pyrene moieties were brought together by the beacon’s hairpin 

structure, exhibiting excimer emission at 485 nm. Binding of the DNA beacon to 

RNA opens up the hairpin structure and thus spatially separates the pyrene 

moieties. The RNA–DNA hybrid, which serves as the substrate for the RNase H 

cleavage, has a low photoluminescence background at 485 nm. After the addition of 

the enzyme, only the RNA strand will be cleaved from the duplex, which sets free the 

MB. The absence of target leads to the restoration of the hairpin structure, bringing 

the pyrene moieties back together and producing a dramatic photoluminescence 

enhancement at the excimer emission (485 nm). 
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Yamana et al. reported a bispyrene-labeled MB where two pyrene 

fluorophores are attached at the 5’ end of the oligonucleotide probe and the 3’ end is 

free (Figure 1.4b).48 The MB actually acts as a probe carrier instead of recognizing 

the target DNA directly. In this assay, an MB first hybridizes with an exchangeable 

strand that can specifically hybridize with the target oligonucleotide, providing a 

partially double stranded duplex. The strand exchange reactions between this 

partially double stranded probe and the single-stranded target DNA were monitored 

by changes in photoluminescence from the monomer to the excimer. The presence 

of a mismatched base in single stranded DNA can be detected as well on the basis of 

the different reaction rates for strand exchange from fully matched DNA.  

Conlon et al. reported multiple-pyrene-labeled MBs, in which two pyrene 

monomers are linked symmetrically to the 5’ end and a single DABCYL molecule is 

linked to the 3’ end of a MB sequence (Figure 1.4c).49 The conjugation of additional 

monomers at the same terminal (5’ end) magnifies the photoluminescence intensity 

of the excimers. When the MBs were titrated with 1 equivalent of target DNA, the 

excimer maximum emission intensity was achieved. The relatively long fluorescence 

lifetime (40 ns) and the large Stokes shift (130 nm) were utilized for time-resolved 

fluorescence measurement and background discrimination. Later, this group 

developed a DNAamplified detection method based on the combination of the 

hybridization chain reaction50-52 and pyrene-labeled MBs53. In the absence of target 

DNA, both MB probes are in the closed form, and the two pyrene moieties are 

spatially separated by the extra length of the sticky end (Figure 1.4d). Therefore, 

only the monomer emission is observed. Upon addition of target DNA, a 
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hybridization chain reaction occurs, whereby the 3’-end sequence of one MB probe 

was placed close to the 5’-end sequence of another MB probe, accompanied by the 

enhancement of excimer emission. 

Saito et al. designed end-free MBs by incorporating pyrene-modified 

pyrrolocytidine (pC)54 and 2’-deoxyguanosine (dG)55, respectively, into the middle 

region of MB stems. The “off” hairpin state originates from the quenching of the 

pyrene by the opposite dG by forming a pC–G base pair (Figure 1.4e) or by the 

opposite C of the dG–C base pair (Figure 1.4f). In the pC–G model, MBs were 

designed in which pyrene-labeled pC was placed three bases apart from the 3’ 

terminus. The researchers found that the capability of detecting target DNA is not 

affected by the stem sequence and the location of pC in the stem. In the dG–C model, 

the design involves an emissive excimer MB containing two pyrene fluorophores 

separated by two bases in the middle region of the stem. In the closed form, the two 

pyrene molecules cannot sterically interact with each other and excimer formation 

is precluded. In the open form, the two pyrene groups located in a single-stranded 

region can interact with each other, resulting in the formation of an excimer. 

Therefore, the MB shows only monomer emission in its closed form, whereas in the 

presence of target DNA it exhibits excimer photoluminescence. 

In a different approach, Häner et al. intercalated non-nucleosidic pyrenes and 

perylenediimides as building blocks into the stem of MBs (Figure 1.4g).11,56 The 

directed assembly of chromophores in the stem of MBs was used as an on–off 

switch. In the native hairpin structure, excimer formation between pyrene 
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derivatives was prevented by the formation of donor–acceptor complex with 

perylenediimide. Upon hybridization with the target, perylenediimide and pyrene 

units were separated, allowing the formation of an excimer. The researchers also 

showed that the reduction of the stem length from four to two base pairs improved 

base-mismatch discrimination. In a similar approach, Menacher and Wagenkenecht 

reported an MB design where pyrenes were replaced with perylene-3,4,9,10-

tetracarboxylic acid bisimide chromophores (Figure 1.4h).57 

1.3. Modification of the quencher 

An intense photoluminescence background is generated by incomplete 

quenching of the PLS in the MB, which greatly decreases the signal-to-background 

ratio and thus, the selectivity of the assay.58 In the following section we review some 

of the recent efforts to produce novel and improved quenchers. 
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Figure 1.5 Intramolecular and intermolecular nanoquenchers in MBs. A. MB 

containing a gold nanoparticle as a quencher (16, 33, 58, 60, 65, 66); b. MB 

containing a gold nanoparticle as quencher (no stem) (61); c. MB containing a 

silver nanoparticle as a quencher (67); d. MB containing a nanobarcode 

particle as a quencher(68-73); e. MB containing a single-walled carbon 

nanotube as a quencher (77); f. MB containing an organic dye as a PLS and GO 

as a quencher (76, 78, 80); g. MB containing a QD as PLS and GO as a quencher 

(23, 79). 

1.3.1. Nanoquencher 

1.3.1.1. Intramolecular quenchers (nanoparticles and nanowires) 

Tuning the photophysical properties of nanosized materials can be achieved 

by changing their shape, size, and composition; therefore, their quenching 

properties can be optimized to match a specific PLS. Particularly, AuNPs have 

attracted considerable interest because of their unique optical characteristics.59,60 

The unusual properties of DNA-modified AuNPs, including the ability to enter cells, 

effective protection of DNA from enzymatic degradation, and an extraordinary 

intracellular stability, make them attractive for intracellular molecular analysis and 

other bioapplications.60 

Dubertret et al. first applied 1.4-nm-diameter gold nanoparticles (AuNPs) as 

a quencher for MBs and achieved 100 times better quenching efficiency in the near-

IR region in comparison with the first reported MB in 1996.16 The 5’ end of the 

oligonucleotide was covalently attached to the AuNP by coupling free sulfhydryl at 

the end of the oligonucleotide with N-propylmaleimide on the surface of the 

nanoparticles (Figure 1.5a). With four different kinds of organic dyes, the average 
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quenching efficiency reached up to 99.45%, and single-base mutation could thus be 

discriminated. 

Maxwell et al. developed a AuNP-based “molecular beacon” (MB) without a 

stem structure.61 In their design, a 2.5-nm AuNP functions as both a nanoscaffold 

and a nanoquencher (Figure 1.5b). Surface-enhanced Raman scattering studies 

showed that the PLS can be adsorbed reversibly on the surface of these colloidal 

nanoparticles and their photoluminescence could thus be quenched.62,63 Upon target 

binding, the constrained conformation is opened and the PLS is separated from the 

particle surface. The detection mechanism is similar to that of a MB. 

Shan et al. described a DNA electrochemiluminescence sensor with a CdS:Mn 

nanocrystal film as the PLS and 5-nm AuNPs as quenchers.64 The combination of 

CdS:Mn nanocrystals and AuNPs in a MB scaffold allows selective target detection. 

As described in section 1.2, Modification of the photoluminescent species, Yeh et al. 

designed a hybrid photoluminescent probe based on CdSe–ZnS core–shell QDs as 

donors and AuNPs as quenchers (Figure 1.3b), and which was exploited for 

sensitive and real-time detection of infectious viruses as well as real-time 

visualization of cell-to-cell virus spreading.33 

Owing to the excellent quenching properties and biocompatibility of AuNP-

based MBs, their bioapplication has been further broadened. Qiao et al. attached two 

different MBs to a 20-nm AuNP, which allowed the simultaneous detection of two 

types of tumor mRNAs in breast cancers by means of fluorescence imaging.60 The 

detection limit of these MBs reached 0.3 nM. They also used AuNP-based MBs as a 
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tumor-mRNA-dependent drug carrier for controlled release of doxorubicin and 

intracellular imaging.65 In this case, doxorubicin was physically intercalated into the 

PLS-free MBs, which specifically targeted intracellular cyclin D1 mRNA (a tumor 

mRNA of breast cancer). The AuNP-based MBs can carry doxorubicin, quench its 

photoluminescence, and decrease its cytotoxicity. When the MB is selectively bound 

to cyclin D1 mRNA, doxorubicin is released effectively and induces apoptosis. The 

photoluminescence intensity of doxorubicin increases upon increasing the target 

concentration. Another application of AuNP-based MBs is as lateral flow strip 

biosensors; these were developed by Mao et al. and He at al. for rapid detection of 

nucleic acid sequences with high sensitivity and low cost.58,66  

In addition to AuNPs, silver nanoparticles were employed by Peng et al. as 

nanoquenchers.67 They assembled MBs with tetramethylrhodamine (3’ end) 

attached to the silver nanoparticles via a 5’-thiol (Figure 1.5c). With different 

surface roughness, particle sizes, and amounts of silver on the surface, the detection 

performance differed significantly. Their reported limit of detection was 

approximately 100 pM. 

Metal (gold, silver) nanowires, also known as nanobarcode (NBC) particles, 

are another class of nanoparticles that can be utilized as MBs. They are normally 

fabricated by electroplating an inert metal (gold, silver) sequentially into alumina 

templates, followed by dissolving the template. Keating group has studied in depth 

the use of gold and silver nanowires as quenchers for MBs (Figure 1.5d).68-72 The 
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NBC particles in their studies were generally 250 nm × 6 μm, and contained six 

metallic segments. 

NBC particles have an advantage over other MB designs in that they can 

readily detect multiple targets with a single assay. Sha et al. demonstrated the 

simultaneous detection of five pathogens, hepatitis A virus, hepatitis C virus, West 

Nile virus, human immunodeficiency virus, and severe acute respiratory syndrome 

virus from a multiplexed real-time PCR using a single NBC particle.68  

After the initial proof-of-concept experiments, the use of NBC particles was 

further explored by investigating the effect of the label position and the secondary 

structure in oligonucleotide probes as a function of the hybridization buffer. 

Hybridization buffers, such as 0.3 M phosphate buffered, affect the percentage of 

double-stranded probes on the surface of the NBC particles after exposure to 

complementary DNA. The reported metal–dye separation dependence for 

unstructured surface-bound oligonucleotides is highly sensitive to the hybridization 

efficiency, owing to substantial changes in DNA extension from the surface upon 

hybridization. Differences in the photoluminescence patterns on gold and silver 

were utilized in their assays as a function of not only chromophore identity but also 

metal–dye separation.69 Optimized MB probes had Kd of 1.7 nM, with a detection 

limit of 100 pM, yet demonstrated high selectivity even after storage for 3 months. 

These assays were limited though by incomplete quenching.70 

Later, this group observed that the coverage of MBs can be controlled by 

varying the MB concentration, by varying the buffer ionic strength, and by addition 
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of short hydroxyterminated alkanethiol diluent molecules during probe assembly 

onto the NBC particle surface. The optimal coverage for the detection of a target 

sequence is about 1012 molecules per square centimeter. For both probes the 

surface coverage and sensor performance differ for different probe sequences.71 The 

hybridization efficiency is also dependent on the probe surface coverage, reaching a 

maximum of 90% at intermediate coverages of 1.13 × 1012–2.0 × 1012 probes per 

square centimeter and dropping to 20% or less at higher or lower coverages. 

Additional nucleotides on the 3’ end of the complementary target sequence (i.e., the 

end near the nanowire surface) had a much greater impact on the hybridization 

efficiency as compared with nucleotides added to the 5’ end.72 

Sha et al. also assembled dual-mode MBs on metal NBC particles with both 

surface-enhanced Raman scattering and a photoluminescence signal.73 In their 

study, similar NBC particles 300 nm wide and 6-9 μm long were used as the 

quencher and scaffold. A hepatitis C virus reverse transcriptase PCR product was 

detected using this dual mode beacon. 

1.3.1.2. Intermolecular quencher (graphene oxide and nanotubes) 

Both single-walled carbon nanotubes (SWNTs) and GO have been utilized as 

intermolecular quenchers. It has been demonstrated that single-stranded DNA can 

interact non-covalently with SWNTs.74,75 Double-stranded DNA can also interact 

with SWNTs, but its affinity is much weaker than that of single-stranded DNA. The 

difference in the binding interaction of SWNTs with single-stranded DNA and 

double-stranded DNA provides the basis for their use in the construction of MBs. In 
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the assay, SWNTs and GO serve as both a “nanoscaffold” for the oligonucleotide and 

a “nanoquencher” for the PLS.76 

SWNTs are a novel class of universal quenchers which have been used in the 

construction of MBs.77 The efficient absorption of hairpin-structured 

oligonucleotides to the surface of SWNTs or GO is likely due to hydrophobic and π-

stacking interactions between the nucleobases and SWNTs or GO.78 In the approach 

of Yang et al. (Figure 1.5e), a self-assembled complex of photoluminescent single-

stranded DNA and SWNTs works as an efficient MB for detecting single-nucleotide 

variations in DNA.77 Upon hybridization with the target, competitive binding of the 

target over the carbon nanotubes produces the photoluminescence signal 

enhancement. During the experiment, more than 98% quenching was observed for a 

MB concentration from 50 to 200 nM. The nanotube surface with an adsorbed 

single-stranded DNA strand is much less dependent on temperature than a 

conventional MB; therefore, the SWNT-based MBs function well at both room 

temperature and at relatively high temperatures. This MB has a signal-to-

background ratio of about 15, with a selectivity coefficient of 0.472. 

In a different approach, Lu et al. developed GO-quenched MBs with either 

fluorescein or Cy5 at the 3’ end (Figure 1.5f).78 Owing to hydrophobic and stacking 

interactions between hairpin-structured oligonucleotide and GO, up to 99.3% 

quenching of the photoluminescence in the absence of a complementary target DNA 

was observed. In the presence of a target DNA, the formation of the duplex structure 

disturbs the interaction between the oligonucleotide and GO, and releases the 
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oligonucleotide from GO, resulting in restoration of photoluminescence of the PLS. 

The strong quenching efficiency allows a detection limit of 2 nM. The selectivity 

coefficient reached 0.246 for the GO–FAM-based MB and 0.267 for the GO–Cy5-

based MB for a perfectly matched target over a single-base-mismatched target. 

Dong et al. also reported GO-quenched MBs based on FRET between QDs and 

GO (introduced in section 1.2 Modification of the photoluminescent species, as a QD 

fluorophore) (Figure 1.5g).23 Upon target recognition by the MB, an increase in the 

QD–GO distance, facilitated by a weakened DNA–GO interaction, significantly 

hindered FRET, producing an increase in the photoluminescence of the QDs. In their 

experiment, 0.1 μg/mL GO was selected for analytical purposes. Yi et al. used a 1,000 

times concentrated GO solution (0.1 mg/mL) for quenching similar quencher-free 

MBs and obtained a 31 folds photoluminescence increase.79 

In the last few years, applications of GO-based MBs in bioanalysis have been 

gradually broadening. Zhang et al. labeled GO-based MBs with the dyes fluorescein 

isothiocyanate, Cy3, and Cy5 for multiplex DNA detection.76 The limit of detection of 

target DNA was approximately 1 nM. Wu et al. presented a GO-based MB for DNA 

phosphorylation detection without DNA amplification. Polynucleotide kinase was 

detected at a level as low as 0.001 units per milliliter from the derived calibration 

curve.80 
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1.3.2. Metal surfaces 

Immobilization has been found to be an effective way to improve the 

hybridization of linear DNA probes. Du et al.81 and Strohsahl et al.82 utilized metal 

surfaces as a functional part of the MB and other MBs had their quencher molecules 

at the end of the DNA strand, with the material surface only serving a passive role. 

Du et al. used the principle of the MB in solution but translated it to a planar 

gold surface, where the metal surface acts as a quencher and organic dyes work as 

PLS.81,83 MBs were attached to the surface by immersing the substrate in an MB–

mercaptopropanol solution at a ratio of 1:10, followed by rinsing the substrate with 

hot water. Long incubation periods and a relatively low concentration of 

mercaptopropanol provided gold surfaces with a large amount of bound MBs. 

However, some interstitial space between probes is required for high hybridization 

efficiency, since the hybridization efficiency is determined by both the probe 

secondary structure and the surface distribution on the substrate. In their design, 

portions of Staphlococcus aureus FemA and mecR methicillin-resistance genes were 

incorporated into the construction of the loop portion of MBs. Strohsahl et al. 

extended the application of the gold-immobilized MBs by utilizing partial gene 

folding for identification of a putative sequence.84 The partial gene folding is a 

portion of the pag gene of Bacillus anthracis, which is the causative agent of 

anthrax.85 Later, the same group replaced organic dyes with CdSe nanocrystals for 

the production of gold-immobilized MBs.86 
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Fan et al. reported another kind of immobilized MBs based on 

electrochemical detection.87 In the absence of target DNA, the hairpin structure 

holds ferrocene at the 5’ end close to the electrode surface, and thus produces an 

intense signal. The hybridization of target DNA decreased the electrochemical signal 

by moving the ferrocene group away from the electrode surface. The limit of 

detection reached 10 pM by cyclic voltammetry. 

Luan et al. immobilized MBs on gold films.88 Then they installed the modified 

film in a flow cell for experiments and obtained a detection limit of 0.5 fM. Wu et al. 

developed a transducer that combines the use of MB and Escherichia coli DNA ligase 

for electrochemical detection of target DNA.89 Other applications of gold surface-

immobilized MBs include the detection of thrombin90 and adenosine 5’-

triphosphate.91 

1.3.3. Other quenchers 

In addition to the two main types of novel quenchers discussed, some other 

efficient quenchers have been studied, such as metal complexes92 and 

superquenchers.93 
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Figure 1.6 a. Cupper complex (92) and b. superquenchers in MB architectures 

(93). 

Brunner and Kraemer introduced Cu2+ complexes as new intramolecular 

quenchers in MBs.92 In their case, the intramolecular interaction of fluorescein and a 

Cu2+ complex is supported by the formation of the hairpin structure (Figure 1.6a). 

The photoluminescence of fluorescein is restored upon addition of fully 

complementary 25mer single-stranded target DNA since intramolecular interaction 

of fluorescein with the Cu2+ complex becomes spatially impossible in the rigid, linear 

DNA duplex. According to the authors, the quenching process is triggered by 

intramolecular coordination of a phenolate donor of fluorescein to a free 

coordination site of the copper(II) 5-(2-pyridinyl)pyrazole (pypz) complex, 

resulting in the formation of a non-photoluminescent Cu(fluorescein) (pypz) 

complex. 

Yang et al. assembled an array of quencher molecules to produce 

superquenchers for use in MBs.93 In their study, three DABCYL molecules were 

assembled together to the 5’ end of the MBs (Figure 1.6b). The superquencher MB 

exhibited a quenching efficiency as high as 99.5% and a photoluminescence increase 

of 320-fold after hybridization, which is a significant improvement compared with 

the 14-fold signal-to-background ratio from the original MB with only one DABCYL 

molecule. 
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1.4. Other applications 

Owing to their high specificity, selectivity, and sensitivity, MBs have the 

potential of being a general platform for sensing molecules other than 

oligonucleotides, as well as for the production of singlet oxygen, and as molecular 

carriers. Here, we describe some recent nonconventional applications of MBs. 

1.4.1. Detection of ions and molecules 

For detection of metal ions, MBs are generally hybridized with an aptamer, 

which acts as an ion recognition element. Binding with ions results in a disruption in 

the hybridization between the MB and the aptamer, which provides the signal 

change. Shi et al. reported an aptamer-based MB for potassium ion detection.94 A MB 

that is partially complementary with an aptamer was labeled with pyrene moieties 

at both ends. In the presence of K+, the MB was displaced from the aptamer, forming 

a hairpin structure, which was accompanied by an increase of the excimer 

photoluminescence of pyrene. However, it provided only monomer emission in the 

absence of K+. The photoluminescence intensity of the pyrene excimer is 

proportional to the concentration of K+ in the range from 0.6 mM to 20 mM, and a 

detection limit of 0.4 mM was achieved. The combination of an aptamer and an MB 

was also applied for the selective sensing of lysozyme by Tang et al.95 In their 

design, the MB can bind to E. coli SSB protein and produces an increase in 

photoluminescence. In the absence of lysozyme, the SSB protein is wrapped by the 

aptamer, which blocked its binding to the MB. However, the lysozyme has a stronger 

affinity for the aptamer and its presence makes the free SSB protein interact with 
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the MB. The increase in photoluminescence signal is proportional to the amount of 

lysozyme. 

Following the discovery by Ono and Togashi that Hg2+ can specifically 

interact with thymine bases to form thymine–thymine base pairs (T–Hg2+–T),96 this 

metal-dependent pair of two nucleobases has been widely utilized for optical 

sensors.97,98 Xu et al. reported a MB-based Hg2+ sensor which integrates the high 

selectivity of T–Hg2+–T coordination and the sensitivity of a MB framework.99 The 

presence of Hg2+ helps the hybridization of the loop portion of the MB with the 

thymine–thymine mismatched target DNA and produces the enhancement of the 

photoluminescence. 

A similar design of thymine–thymine base pairs in the MB stem was applied 

for the detection of glutathione (GSH) and cysteine (Cys).100 The approach is based 

on the competitive ligation of Hg2+ ions by GSH/Cys and thymine–thymine 

mismatched in the self-hybridizing stem of the MB. The extraction of Hg2+ ions by 

GSH/Cys destabilizes the MB stem and results in switching the MB to the “on” state. 

Zhang et al. developed DNAzyme catalytic beacons with a MB for detection of 

Pb2+.101 The DNAzyme substrate strand binds with the loop of the MB to form a 

hybrid structure. Addition of metal ions cleaves the substrate, cutting the MB into 

two pieces, resulting in a separation from the quencher and producing an 

enhancement of photoluminescence. By replacement of DNAzyme with aptamers, 

the modified MBs can be extended to sense other biomolecules such as adenosine.97 

Wang et al. developed a solid-state MB using a gold surface as a quencher.102 This 
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system was combined with a polydimethylsiloxane microfluidic channel to detect a 

single-stranded DNA binding protein. Such proteins are abundant and essential in 

cells: they interact with DNA to organize its packing, regulate transcription, and to 

perform replication and repair. Transcription factors are one subset of these 

proteins. Similarly to the target oligonucleotide, the single stranded DNA binding 

protein binds with the MB, making a rigid rod-like structure, which results in the 

recovery of its photoluminescence. 

1.4.2. Control of singlet oxygen production for photodynamic therapy 

Chen et al. reported a photodynamic MB (PMB) with tumor-specific mRNA-

triggered control of singlet oxygen (1O2) generation.103 The mRNA-PMB consists of a 

standard MB architecture where a photosensitizer is attached at one end of the 

strand and a quencher is attached at the opposite end, such that 1O2 production is 

inhibited until hybridization of the antisense oligonucleotide with tumor-specific 

mRNA. The 1O2 near-IR photoluminescence was reduced by 93% when compared 

with that for a PMB without a quencher. When the target was added, there was a 

63% restoration of 1O2 photoluminescence when compared with that for PMB 

without a quencher. The MB displayed efficient cellular uptake without the aid of 

transfection agents, owing to the existence of a pyropheophorbide component. 

Later, the same group made use of a flexible solid-phase approach for completely 

automated synthesis of PMBs, where a linear superquencher was positioned at the 

5’ end.104 The high quenching efficiency of linear superquenchers displays near 90-

fold restoration upon activation. 
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1.4.3. Control of hybridization 

To achieve the regulation of hybridization of MBs with target DNA, Yang et al. 

employed T–Hg2+–T to replace the Watson–Crick duplex at the stems of MBs.105 

Because Hg2+ can stabilize T–Hg2+–T base pairs, the desirable kinetic response and 

selectivity of MBs at different temperatures can be controlled by changing the Hg2+ 

concentration. Later, Wang et al. constructed light-activatable caged MBs.106 In their 

approach, the MBs are caged by locking two stems with a photolabile biomolecular 

interaction or covalent bond. Biotin–avidin interaction or a triazole linkage are 

applied to lock the stems of the MBs via a photocleavable linker bearing an 

onitrobenzyl moiety, which is extensively used as a caging agent owing to its fast 

photolysis kinetics and efficient uncaging capabilities. The hybridization activity of 

MBs with target DNA can thus be regulated by light. 

1.5. Concluding remarks 

Since the first MB was reported, conventional MBs have been widely 

modified to improve their selectivity, sensitivity, and specificity. Different kinds of 

PLS, including metal complexes, QDs, and pyrenes, have been developed to function 

as reporter groups, and nanoquenchers have been utilized as a main class of high-

efficiency quenchers. In addition, MBs have been utilized as a platform for other 

nonconventional applications, including detection of metal ions and small 

molecules, production of molecules (singlet oxygen), and control of DNA 

hybridization. However, even with all these recent advances in MB design, there is 
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still room for improvement. PLS with larger extinction coefficients, better quantum 

yield, and longer photoluminescence lifetimes are required to make more sensitive 

sensors. Also, false positive signals, either by incomplete quenching or by 

nonspecific opening of the MB, are a real limitation, especially for their use in 

cellular environments. New ways to improve specificity, reduce nonspecific opening, 

or discriminate nonspecific from specific binding in vivo are needed. It is expected 

that new techniques will start to find application in DNA and mRNA detection both 

in vitro and in vivo. For example, hybridization chain reaction has been recently 

used for cellular mRNA tracking.107 Techniques that allow better resolution by 

reducing the cellular autofluorescence background are also of importance for in vivo 

detection of oligonucleotides. For example, two-photon excitation is a promising 

technique for autofluorescence discrimination, since the excitation can be chosen to 

minimize the absorption cross section of undesirable cellular dyes. A potentially 

useful photophysical phenomenon that can be used for the same purpose is 

photoluminescence upconversion. In photoluminescence upconversion, the 

excitation light has a longer wavelength than the emission, a process often called 

anti-Stokes shift. Furthermore, it is likely that processes such as chemiluminescence 

and techniques such as fluorescence lifetime imaging microscopy, which are 

nonconventionally used in combination with MBs, will be used to address these and 

new challenges in DNA and RNA detection. 
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Chapter 2 

Optimizing the Sensitivity of 

Photoluminescent Probes Using Time-

Resolved Spectroscopy: A Molecular 

Beacon Case 

(The chapter contains research work published in the Analytical Chemistry, 

2012, 84, 8075-8082)  

 

2.1. Introduction 

Photoluminescent probes have found their way into many areas of chemical 

and biological research due to their ability to detect certain species with high 

specificity and sensitivity.108-110 These probes allow the detection of species of 

interest (analytes) due to a change in their photoluminescence intensity or emission 
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wavelength during the recognition event. This change in photoluminescence can 

arise due to a variety of factors that include photoluminescence quenching,111 

microenvironment,112  o rster resonance energy transfer (FRET),113 and chemical 

reactions,114 among others. 

Finding ways to improve the performance of photoluminescent probes is 

essential for achieving lower detection limits. Generally, the performance of probes 

is assessed by the probe signal-to-background ratio (S/B). The S/B is the ratio 

between the photoluminescence signal of the probe in the presence of the target 

analyte and the background photoluminescence of the probe itself (without 

analyte). A technique that has proven effective in improving the S/B is time-

resolved photoluminescence spectroscopy (TRPS). TRPS takes advantage on the fact 

that photoluminescence is time-dependent, which allows obtaining the 

photoluminescence intensity of each point in a spectrum as a function of time. Using 

steady-state photoluminescence spectroscopy (SSPS) all the photons that reach the 

detector are used to produce a spectrum; however, using TRPS it is possible to 

define a specific time window after the excitation to generate the spectrum. (The 

term steady-state photoluminescence spectroscopy refers to time-independent 

studies such as those generally performed in a standard spectrofluorometer.) This 

time window can be selected to provide a better S/B than using standard SSPS 

methods. TRPS has been used in applications such as the study of protein folding,115 

membrane viscosity,116 cell viability,117 metal ions,118 hydroxyl radicals,119 pH 

sensors,120 and in the discrimination of autofluorescent backgrounds,9,10,121 among 

others. Furthermore, the advent of fluorescence lifetime microscopy (FLIM) 
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provides the tools for extrapolating the advantages of TRPS to microscopy.122 Some 

recent manuscripts have highlighted the importance of using time-gating methods 

to enhance the signal resolution in applications such as single-molecule 

fluorescence spectroscopy,123 fluorescence correlation spectroscopy,124 and 

luminescence microscopy.125 Notwithstanding, there is a lack of a general 

methodology on how to optimally use TRPS to improve S/B of photoluminescent 

probes. 

In this chapter we report on the technical considerations and analysis 

necessary to efficiently use TRPS to improve the S/B ratio of photoluminescent 

probes. For example, it will be shown that if the time window is not correctly 

selected the improvement in the S/B ratio could be poor or even detrimental. The 

generalizations resulting from our analysis will be put to the test by using molecular 

beacon (MB) probes. The purpose of this work is to provide the fundaments of a 

general methodology for the optimal use of TRPS to improve the detection power of 

photoluminescent probes. 

2.2. Theoretical analysis 

One of the most common photoluminescence probes are the so-called light-

switching probes (Figure 2.1a). Light-switching probes ideally present little 

photoluminescence in the absence of the target analyte (P), while the opposite is 

true when the target analyte is present (P+T); see Figure 2.1b. The 

photoluminescence of P is therefore quenched by a variety of factors that are probe-
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specific. The interaction of P with the target removes the quenching mechanism, 

increasing the photoluminescence intensity. For a light-switching probe the S/B 

obtained during an SSPS experiment is defined as 

    
          

        
                                                                                                                            (2.1) 

where Iλmax(P+T) and Iλmax(P) are the emission maximum intensity of the 

photoluminescent probe in the presence and absence of target, respectively. When 

the photoluminescence intensities are obtained using SSPS (i.e., a standard 

spectrofluorometer), the S/B ratio is constant over time. Using TRPS and the 

appropriate time window it is possible to optimize the S/B. When TRPS is used, the 

time-dependent S/B ratio is defined by the following expression: 

       
             

           
                                                                                                                  (2.2) 

where I(t)λmax(P) is the photoluminescence time decay of the probe in the absence of 

target, and I(t)λmax(P + T) is the photoluminescence time decay of the probe in the 

presence of target. The photoluminescence time decay is generally a combination of 

2−4 exponential functions of the form 

     ∑          
 

   
                                                                                                                   (2.3) 

where I(t) is the time-dependent emission intensity, τi are the photoluminescence 

lifetimes, Ai are the amplitudes of the exponential functions at t = 0, and n is the 

number of decay exponential lifetimes. Three cases are in theory possible: type 1 

probes, where P has a shorter lifetime than P+T (e.g., when P is dynamically 
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quenched in the absence of target), type 2 probes, where the photoluminescence 

lifetime of P is longer than P+T, and type 3 probes, where the photoluminescence 

lifetime of P and P+T are the same (e.g., when P is statically quenched). Type 1 

probes are examined in closer detail in this section since they present the highest 

increment in S/B ratio when eq 2.2 is used. Type 2 and type 3 can also be optimized 

using eq 2.2. 

 

Figure 2.1 (a) Schematic representation for a light-switching probe. When the 

probe (P) is not interacting with target (T) it has little photoluminescence 

(left), but when bound to T its photoluminescence is switched on (right). (b) 

Idealized SSPS photoluminescence spectra for P (blue) and P+T (red). (c) 

Idealized photoluminescence time decays for P (blue) and P+T (red). P = e(−

t/5ns); P + T = 2e(-t/50ns). Inset: S/B as a function of time determined using TRPS 

as defined by eq 2.2. 

Figure 2.1c shows the photoluminescence time decay of a hypothetical probe, 

which photoluminescence intensity and lifetime increase with the recognition of the 
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target analyte (type 1 probe). Figure 1c inset shows the S/B of such probe using eq 

2.2. For simplicity, P and P+T have been defined to have monoexponential 

photoluminescence decays with 5 and 50 ns lifetimes, respectively (the amplitudes 

of the exponential functions have been defined as 1 and 2 for P and P + T, 

respectively, such that the probe would present an SSPS S/B ratio of 20 as in Figure 

1b). Figure 1c inset clearly shows that when TRPS is used, the S/B increases 

exponentially with time. Although this result is intuitive, it is probably the main 

responsible for the misidentification of the correct time window for a TRPS 

experiment as will be explained below. 

Ideally, for type 1 probes, the S/B always increases with time. However, a 

common misconception is that this will occur during standard experimental 

conditions in the laboratory. One important parameter is the nonspecific 

background always recorded by the instrument in a normal run. An ideal 

exponential function will decay to zero (at an infinite time) as described by eq 2.3. 

However, an experimental time-decay transient will always have an axis offset that 

will cause the decay to converge to a nonzero positive value. Experimental time 

decays are therefore fitted using 

     ∑          
 

   
                                                                                                            (2.4) 

where yi is the axis offset, which accounts for the nonspecific background. This 

nonspecific background has its origin in instrumental as well as environmental 

factors. Although good experimental practices will decrease the nonspecific 

background, its complete eradication is not possible. The inclusion of the axis offset 
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causes dramatic changes in the shape of the time-dependent S/B curve obtained 

using eq 2.2. 

To examine the effect of the nonspecific background and other parameters 

on the time-dependent S/B, let’s study an ideal probe with monoexponential 

lifetimes for P and P + T that fulfills the following requirement: 

       
∫   
 
        

∫   
 
 

       
  20                                                                                                         (2.5) 

The value of 20 has been arbitrarily chosen. Equation 2.5 implies that the probe will 

present a 20-fold increase in total photoluminescence (SSPS) regardless of how the 

parameters change. Figure 2.2a shows the three-dimensional plot of the S/B(t) as a 

function of the offset (nonspecific background). Similarly to Figure 1c inset, the 

S/B(t) increases with time; however, contrasting with Figure 1c inset it reaches a 

maximum and then decrease as the time increases. An important observation is that, 

as the axis offset increases, the S/B(t) decreases and the maxima move to shorter 

times. The difference in lifetime between P and P+T was also studied and plotted in 

Figure 2.2b. Here the lifetime of P was set to 5 ns and the axis offset fixed to 0.01, 

while the lifetime of P+T was varied. Figure 2.2b clearly shows that, as the lifetime 

of P+T increases, the S/B(t) increases up to a maximum (ca. 35 ns) after which it 

starts decreasing again. This maximum shows that there is an ideal lifetime 

separation of the probes that would yield an optimum S/B(t) when the nonspecific 

background is constant and the lifetime of P is set. This value is a direct 

consequence of the limits imposed by eq 2.5 and therefore will change also if the 
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increment in total photoluminescence is different from 20. Also, the Figure 2.2b 

shows a shift in the maximum to longer times as the lifetime of P+T increases. 

 

Figure 2.2 Three-dimensional plot of the time-dependent S/B of type 1 probes 

by varying the time after excitation and (a) the axis offset or (b) the lifetime of 

P+T. For panel a the exponential decays parameters are the same as in Figure 

1c, while for panel b the lifetime of P and the offset were kept constant with 

values of 5 ns and 0.01, respectively. The equations that describe these 

surfaces are (a) S/B = (2e−t/50ns + y0)/(e−t/5ns + y0) and (b) S/B = (Ae−t/τ1 + 

0.01)/(e−t/5ns + 0.01) where A [the amplitude of I(t)(P+T)] is changed such as 

the S/B(t) in the absence of background and integrated over the whole time is 

equal to 20: (∫0∞Ae−t/τ1 dt)/(∫0∞e−t/5ns dt) = 20 → A = 100/τ1. 

The analysis of the aforementioned multidimensional problem allows 

offering some guidelines for using TRPS in the most efficient way. However, we 

would like to warn the reader that the shape of these curves will directly depend on 

the parameters used. Furthermore, we recognize that many other parameters can 

be correlated and plotted. However, the most important lesson that we want to 

convey is that using eq 2.2 allows the determination of a curve, whose maximum 

will represent the most appropriate time window for obtaining the best S/B(t) using 

TRPS regardless of the parameters defining the exponential decays. Two important 
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parameters merit special mention: the axis offset (nonspecific background), which 

depends mostly on the way the time-resolved experiment is performed, and the 

difference in lifetime between P and P + T, which depends on the photophysical 

properties of the probe. Nonspecific background could arise from ambient light, the 

excitation source, and detector electronics, among others. The use of filters before 

the emission monochromator might decrease unwanted background light entering 

the detector. Decreasing external illumination will also aid in reducing the 

background, especially if the sample has a low quantum yield, while detector dark 

counts could be reduced by cooling down the detector. (The term “nonspecific 

background” is used separately from the term “autofluorescent background” which 

is due to background coming from an intrinsically fluorescent medium.) 

As discussed above, changing the lifetime difference between P and P+T will 

have an important impact in the S/B(t). Although the rational design of probes with 

specific lifetimes and responses could be challenging, eq 2.2 would allow 

determining the optimum time window for a maximum S/B(t). A long 

photoluminescence lifetime of P+T might be convenient even with the loss of some 

of the S/B, in applications where the medium is autofluorescent and time gating is 

used for autofluorescent background discrimination. Achieving a good difference in 

photoluminescence lifetimes is case-specific and therefore will depend on the 

excited-state properties of the probe. However, organic molecules such as pyrene45 

and metal complexes such as tris(2,2’-bipyridine)ruthenium(II)121 have long 

lifetimes and can be used in the design of probes with desired TRPS properties. In 

the next section we will apply these principles to a series of long-lived probes and 
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will show how to unambiguously select the time window for obtaining the 

maximum experimental S/B(t). Furthermore, in the present section we have used 

probes with single-exponential lifetimes to make the illustration of these principles 

simpler; however, in the next section we will show how the same principles can be 

used for probes with multiple lifetime components. 

2.3. Experimental analysis 

To demonstrate some of the general principles discussed in the previous 

section, a series of probes with long-lived photoluminescence lifetimes were 

synthesized. The probes selected for this study are molecular beacons (MBs) 

because of their simple design and synthesis. In the past few years, a great deal of 

attention has focused in the development of hybridization probes,9 such as MBs, to 

detect specific sequences of DNA and RNA both in vitro and in vivo.10,126 In general, a 

MB is an oligonucleotide strand with a sequence that is complementary to a target 

sequence of interest.1 This strand possesses a self-complementary sequence at both 

ends, such that, in the absence of target, a hairpin structure would be formed 

(Figure 2.3a). A classic MB would have a photoluminescent dye and an energy 

acceptor (quencher) at different ends of the strand,1 which would result in 

quenching of the dye emission due to close proximity to the quencher when the 

hairpin structure is formed (Figure 2.3a). Upon specific binding to the target 

oligonucleotide sequence the hairpin structure is disrupted, producing a physical 

separation between the dye and the quencher and resulting in a large increase in the 

photoluminescence emission (Figure 2.3b). 
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MB were designed bearing [Ir(ppy)2(mbpyc)]+ or [Ru(bpy)2(mbpyc)]2+ (ppy 

= 2-phenylpyridine; bpy = 2,2′-bipyridine; mbpyc = 4′-methyl-2,2′-bipyridine-4-

carboxylic acid) complexes as photoluminescent species (Figure 2.3c). Four 

different MBs were synthesized as shown in Figure 2.3c. MBs containing either 

[Ir(ppy)2(mbpyc)]+ or [Ru(bpy)2(mbpyc)]2+ in combination with black hole 

quencher 2 (BHQ2) are light-switching MBs (MB−Ir−BHQ2 and MB−Ru−BHQ2, 

respectively) and present an increase in photoluminescence intensity when in 

presence of target DNA. On the other hand, MBs containing [Ir(ppy)2(dmbp)]+ or 

[Ru(bpy)2(dmbp)]2+ in combination with the organic dye Cy5 (MB−Ir−Cy5 and 

MB−Ru−Cy5, respectively) are a special kind of light-switching MB called dual-color 

MBs and present a change in the photoluminescence intensity of their emissive 

species when in the presence of target.127,128 
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Figure 2.3 (a) MB in the absence of target DNA assumes a hairpin 

conformation that keeps the photoluminescent dye and the energy acceptor in 

close contact. (b) The addition of target DNA induces a conformational change 

in the MB that opens the hairpin structure and produces a separation between 

the photoluminescent dye and the energy acceptor (quencher). (c) Schematic 

representation of the different MBs studied in this thesis. 

The steady-state photoluminescence spectra of MB−Ir−BHQ2 and 

MB−Ru−Cy5 are shown in Figures 2.4a and 2.5a (the spectra for MB−Ru−BHQ2 and 
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MB−Ir−Cy5 are available in section 2.4.3 Supplementary spectral data, Figure 2.7 

and 2.8). The steady-state S/B for a light-switching MB can be calculated using a 

modified version of eq 2.1:129 

                         
           

         
                                                                           (2.6) 

where Iλmax(MB) and Iλmax(MB + T) are the intensity at the emission maximum of the 

MB photoluminescent dye in the absence and presence of target, respectively. For 

the dual-color MB, two photoluminescence emissions are observed, which are 

dependent on the presence of target. In these dual-color MBs, addition of the target 

causes an increase in the photoluminescence of the metal complex, while at the 

same time it produces a decrease in the emission of the Cy5 fluorophore. Therefore, 

the steady-state S/B ratio for dual-color MBs is calculated by128 

                    

          

        

           

         

                                                                                      (2.7)                                                               

where IλPM(MB) and IλPM(MB+T) are the emission intensities of the 

photoluminescent metal complex without and with target, respectively, and 

IλPEA(MB) and IλPEA(MB+T) are the emission maxima of the photoluminescent energy 

acceptor without and with target, respectively. Using eqs 2.6 and 2.7 the steady-

state S/B for MB−Ir−BHQ2 is 8.2 and that for MB−Ru−BHQ2 is 6.4. Although these 

S/B ratios are inferior of what is expected from an optimum MB (S/B > 10), they are 

ideal for demonstrating how TRPS can be used to improve the efficacy of these 

probes. These modest S/B ratios are mainly due to the inability of BHQ2 and Cy5 to 



  

44 
 

completely quench the photoluminescence of metal complexes that have a 

photoexcited state with strong triplet character. 

In order to improve the MB performance it is necessary to understand the 

factors that reduce the S/B in MBs.10 In general, an ideal probe will display no signal 

in the absence of analyte and will have a maximum signal output when analyte is 

present. In the case of MBs, this signal is in the form of photoluminescence and the 

analyte will be a DNA target sequence. The presence of any kind of emission from 

the photoluminescent metal complex before the addition of target will result in an 

increase in the background signal and, therefore, will reduce the MB detection limit. 

The factors affecting background photoluminescence have been studied by several 

groups and include aspects such as incomplete quenching of the photoluminescent 

species,130 non-efficient formation of the hairpin structure,10 scattered light by the 

solvent,131 solvent Raman signals, and the presence of fluorescent impurities 

(autofluorescent background),45 among others. This background is due to factors 

pertaining to the sample and therefore different from the nonspecific background 

referred in the previous section. One of the advantages of using TRPS is that 

scattered light and short-lived fluorescence from contaminants can be easily 

eliminated from the long-lived photoluminescence of the MB probes. Using TRPS it 

is possible to wait for the short-lived signals to decay before obtaining a spectrum. 

Although the removal of scattered light and short-lived fluorescence contamination 

using TRPS have been demonstrated previously,45,112,121,131 another consideration 

that needs to be taken into account is that the lifetime of the photoluminescent 

species is in many cases (e.g. type 1 probes) different before and after the addition 
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of target. In fact, our experiments have demonstrated that just selecting a time 

window after the short-lived background has decayed is not enough for improving 

the S/B of the probe. Therefore, the challenge is to determine the optimum time-

window that would provide a maximum increase in photoluminescence signal upon 

target recognition. For the light-switching MBs, the optimum time window can be 

determined by the following expression, which is a modification of eq 2.2: 

                           
              

            
                                                                   (2.8) 

where I(t)λmax(MB) is the photoluminescence time decay of the MB in the absence of 

target and I(t)λmax(MB+T) is the photoluminescence time decay of the MB in the 

presence of target. 

The S/B of MB−Ir−BHQ2 using SSPS was calculated to be 8.2 (Figure 2.4a). 

The time-dependent S/B (derived from eq 2.8) for MB−Ir−BHQ2 is presented in 

Figure 2.4b and shows a maximum for a time window from 60 to 140 ns. Figure 2.4d 

shows the time-decay transients for MB−Ir−BHQ2 before and after adding target. 

The time window selected shows a maximum photoluminescence of MB−Ir−BHQ2 

with target, while there is minimum photoluminescence in the absence of target 

(just as predicted in Figure 2.4b). When the time-resolved emission spectra (TRES) 

is obtained by time-gating from 60 to 140 ns, a large background reduction is 

observed with a S/B of 17. This represents an increase in sensitivity of 110% 

(Figure 2.4c) when compared with the steady-state spectra (Figure 2.4a). The 

detection limit for MBs is defined as the minimum concentration of target necessary 

to achieve a S/B ratio of 3. The detection limits determined for MB−Ir−BHQ2 are 30 
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and 14 nM target DNA using SSPS and TRPS, respectively. The lower detection limit 

obtained testifies on the power of TRPS to improve the resolution of probes with 

long-lived photoluminescence. MB−Ru−BHQ2 shows the same tendency as 

illustrated in the Section 2.4.3. Supplementary spectra data Table 2.1 and Figure 2.7. 

 

Figure 2.4 Optimization of MB−Ir−BHQ2 for TRPS. (a) SSPS spectra of MB−Ir−

BHQ2 without (red) and with target (blue). (b) Time-gating S/B for MB−Ir−

BHQ2 portraying a 60−140 ns time window as the optimum time for TRPS. (c) 

TRES obtained with a 60−140 ns time window without (red) and with target 

(blue). (d) Time-resolved photoluminescence decays (λem = 590 nm) without 

(red) and with target (blue) portraying the time window used for TRES. 

The dual-color MBs were also studied to determine if TRPS could be used to 

improve their performance. On the basis of eqs 2.2 and 2.7, the S/B(t) can be 

obtained using the following formula: 
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                                                                           (2.9) 

where I(t)λPM(MB) and I(t)λPM(MB+T) are the emission time decays of the 

photoluminescent metal complex without and with target, respectively, and 

I(t)λPEA(MB) and I(t)λPEA(MB+T) are the emission time decays of the 

photoluminescent energy acceptor (Cy5) without and with target, respectively. The 

S/B for MB−Ru−Cy5 using SSPS was calculated to be 6.4 (Figure 2.5a). Figure 2.5b 

shows the time-dependent S/B plot for MB−Ru−Cy5 (obtained using eq 2.9), which 

presents a maximum from 45 to 125 ns. This time window can be observed overlaid 

with the time decays obtained at 630 nm for MB−Ru−Cy5 (Figure 2.5d). TRES time-

gating from 45 to 125 ns are presented in Figure 2.5c. Similarly to MB−Ir−BHQ2, the 

S/B of MB−Ru−Cy5 using time-gating is 105% larger than using SSPS (Figure 2.5a). 

Furthermore, the detection limits determined for MB−Ru−Cy5 are 38 and 24 nM 

target DNA using SSPS and TRPS, respectively. MB−Ir−Cy5 shows the same tendency 

as illustrated in Table 2.1. 
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Figure 2.5 Optimization of MB−Ru−Cy5 for TRPS. (a) SSPS spectra of MB−Ru−

Cy5 without (red) and with target (blue). (b) Time-gating S/B for MB−Ru−Cy5 

portraying a 45−125 ns time window as the optimum time for TRPS. (c) TRES 

obtained with a 45−125 ns time window without (red) and with target (blue). 

(d) Time-resolved photoluminescence decays (λem = 630 nm) without (red) 

and with target (blue) portraying the time window used for TRES. 

It is important to highlight that one of the most important applications for 

TRPS is in the detection of probes in environments with high 

autofluorescence.10,45,46,112,131 Probes in environments that are strongly 

autofluorescent generally display a poor S/B ratio when studied using SSPS. Figure 

2.6a shows the steady-state photoluminescence spectra of MB−Ir−BHQ2 in a 

strongly fluorescent media containing rhodamine B. The S/B is so poor (1.35) that it 

would not allow any reliable detection of target in this environment. The time-

dependent S/B ratio was then calculated using eq 2.8 and plotted in Figure 2.6b, 
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showing an optimum time window from 50 to 80 ns. The TRES, time-gating from 50 

to 80 ns, are presented in Figure 2.6c and present S/B of 7.1, a 425% increase in 

sensitivity over SSPS (Figure 2.6a). To further demonstrate the importance of the 

appropriate selection of the time window, the TRES for the 80−110 ns time-window 

was plotted as shown in Figure 2.6e. From Figure 6b it can be seen that this time 

window is close, but not quite the optimum time window for this experiment. This 

slight change in the time-window causes a drop in the S/B from 7.1 to 6.0. More 

dramatic results can be obtained if the time window is significantly changed. A 

common practice that is used to select the time window for a TRPS experiment is to 

wait until the short-lived autofluorescence of the medium has decayed and then 

select the remaining time for the TRES. Generally it is assumed that the fluorescence 

of an ensemble of fluorophores has in most part decayed at a time 5× its lifetime. 

The lifetime of rhodamine B is 1.6 ns, so a time window starting from 16 ns (ca. 10× 

its lifetime) to 500 ns would start after the rhodamine B background has mostly 

decayed (Figure 2.6d). This, however, proves not to be a wise decision, since the 

TRES for the 16−500 ns time window yields a S/B of 3.7 (Figure 2.6e), which is 

notably inferior to the TRES using the optimum time window of 50−80 ns (7.1). This 

is mostly due to the reduction of the S/B ratio at longer times as described in the 

previous section. 
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Figure 2.6 MB−Ir−BHQ2 in highly fluorescent rhodamine B medium. (a) SSPS 

spectra of MB−Ir−BHQ2 without (red) and with target (blue). (b) Time-gating 

S/B for MB−Ir−Cy5 portraying a 50−80 ns time window as the optimum time 

window for TRPS (red area), and the 80−110 ns (blue area) and 16−500 ns 

(gray area) as alternative time windows. (c) TRES obtained with a 50−80 ns 

time window without (red) and with target (blue). (d) Time-resolved 

photoluminescence decays (λem = 590 nm) without (red) and with target (blue) 

portraying the time windows used for TRES. (e) TRES obtained using an 

80−110 ns time window without (red) and with target (blue). (f) TRES 

obtained with a 16−500 ns time window without (red) and with target (blue). 
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In summary, this chapter reports on how to use TRPS to improve the 

performance of photoluminescent probes (more specifically, MBs). The significance 

of the reported research is that it analyzes the factors affecting detection when 

using TRPS, such as nonspecific background and the difference between the lifetime 

of the probe before and after the addition of the analyte. Furthermore, it was shown 

how to remove the ambiguity generally associated with selecting the optimum time-

window for a TRPS experiment and the consequences associated with choosing the 

wrong time-window. The power of TRPS has been reflected not only in vitro, but 

also in vivo with FLIM.122 The methodology and general considerations described in 

this report are equally applicable to FLIM and potentially applicable to other 

techniques for probe detection where time can be resolved such as NMR, MRI, and 

EPR. 

2.4. Experimental methods 

2.4.1. General instrumentations and spectroscopic methods 

Steady-state photoluminescence spectra were obtained in a HORIBA Jovin 

Yvon Fluorolog 3. Time-resolved studies were performed using an Edinburgh 

Instruments OD470 single-photon counting spectrometer with a high speed red 

detector, and using a 370 nm picosecond pulse diode laser when exciting MB-Ir-

BHQ2 and MB-Ir-Cy5 and a 444 nm picosecond diode pulse laser when exciting MB-

Ru-BHQ2 and MB-Ru-Cy5. Steady-state and time-resolved spectra where obtained 

in 4mm quartz cuvettes, in solutions of 1 μM MB and 5 μM target in Tris buffer 100 
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μM Tris-HCl buffer (pH 8.0) with 5 mM MgCl2. Detection limit experiments were 

performed in 0.1 μM MB solutions with different concentrations of target. Detection 

limit was extrapolated to the concentration that would produce an S/B ratio of 3.  

2.4.2. Synthesis procedures and characterization data 

All reagents and chemicals were obtained from commercial sources and used 

without further purification. Potassium hexafluorophosphate was purchased from 

TCI America. 2-phenylpyridine, iridium(III) chloride and N-hydroxysuccinimide 

were purchased from Alfa Aesar, USA. And all other chemicals were purchased from 

Sigma-Aldrich. The oligonucleotides were purchased from Integrated DNA 

Technologies and their sequences are described below: 

MB-NH2-BHQ2: 5’-NH2-CCC CTC ATC ATC ATC TAC ACT TTT CCC AGG GG-BHQ2-3’ 

MB-NH2-Cy5: 5’-NH2-CCC CTC ATC ATC ATC TAC ACT TTT CCC AGG GGCy5-3’ 

Target: 5’-GGGAAAAGTGTAGATGATGAT-3’ 

a. Synthesis of 4’-Methyl-2,2’-bipyridine-4-carboxaldehyde. 

This compound was synthesized based on literature methods.132 In a typical 

synthesis 20 mL of dioxane were added to 0.5 g of 4,4’-dimethyl-2,2’-bipyridine in a 

50 mL round bottom flask and the solution was purged with argon for 15 min by 

submerging a piece of Teflon tubing in the flask and bubbling argon into the dioxane 

with stirring. Selenium dioxide (toxic) (0.34 g) was added to the flask and the argon 

purging was continued for 20 minutes. The solution was then heated at a gentle 
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reflux for 24 hours and as the reaction progressed, solid selenium metal 

precipitated on the sides of the flask. After the solution cooled down to room 

temperature, it was filtered by gravity and the solvent was removed under reduced 

pressure. The remaining solid was dissolved in ethyl acetate, heated at reflux for one 

hour and gravity filtered while hot. Next, the filtrate was washed with 0.1 M sodium 

carbonate (2 × 12 mL) to extract any acid bipyridine formed and then extracted into 

a solution of 0.3 M sodium metabisulfite. After using solid bicarbonate to adjust the 

pH to about 10, the product was extracted into methylene chloride. Additional 

sodium carbonate was added to the aqueous solution to maximize partitioning into 

the organic layer. The solvent layers were separated and the organic solvent was 

removed under reduced pressure. Yield: 0.26g (48%). 1H NMR (400 MHz, CDCl3) δ 

(ppm) 10.179 (s, 1H), 8.893 (d, J = 4.8, 1H), 8.827 (s, 1H), 8.575 (d, J = 4.8, 1H), 8.276 

(s, 1H), 7.720 (d, J = 4.8, 1H), 7.193 (d, J = 4.8, 1H), 2.463 (s, 3H). ESI-MS: m/e 199.1 

(M +H+). 

b. Synthesis of 4’-methyl-2,2’-bipyridine-4-carboxylic acid (mbpyc). 

This compound was synthesized based on Peek et al.133 In a typical synthesis 

a solution of AgNO3 (0.2 g) in water (2 mL) was added to a suspension of 4’- methyl-

2,2’-bipyridine-4-carboxaldehyde (0.22 g) in 95% ethanol (9.5 mL). The yellow 

suspension was stirred rapidly and 5 mL of a 1.0 M NaOH solution were added 

dropwise over 20 minutes to form Ag2O. The dark black reaction mixture was 

stirred rapidly for 15 hours. Ethanol was removed by rotovap and the aqueous 

residue was filtered through a fine-porosity glass frit to remove Ag2O and metallic 
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silver. The solid were washed with 1.3 M NaOH (2 × 2 mL) and water (2 mL). The 

combined basic filtrates were extracted with CH2Cl2 to remove unreacted aldehyde 

and adjusted to pH 3.5 with 1:1 (v/v) 4 N HCl/acetic acid, which produced a white 

precipitate. The mixture was kept at -10 °C overnight, after which the white solid 

was collected and vacuum dried to afford pure 4’-methyl-2,2’-bipyridine-4-

carboxaldehyde (mbpyc). Yield: 0.2 g (84%). 1H NMR (400 MHz, d6-DMSO) δ (ppm) 

8.860 (d, J = 5.2, 1H), 8.819 (s, 1H), 8.580 (d, J = 5.2, 1H), 8.272 (s, 1H), 7.860 (d, J = 

4.8, 1H), 7.336 (d, J = 4.8, 1H), 2.435 (s, 3H). ESI-MS: m/e 215.1 (M + H+). 

 

Scheme 2.1 Synthesis of 4’-methyl-2,2’-bipyridine-4-carboxylic acid (mbpyc). 

c. Synthesis of [Ir(ppy)2(mbpyc)]PF6. 

This compound was synthesized based on Zhao et al.134 In a typical synthesis 

a mixture of 2-ethoxyethanol and water (3:1, v/v) was added to a flask containing 

IrCl3 (0.30 g) and 2-phenylpyridine (ppy) (0.34 g). The mixture was refluxed for 24 

h. After cooling, the yellow solid precipitate was filtered by vacuum to give crude 

cyclometalated iridium(III) chloro-bridged dimer. The solution of cyclometalated 

iridium(III) chloro-bridged dimer (0.1 g) and 4′-methyl-2,2′-bipyridine-4-carboxylic  

(mbpyc) acid (0.05 g) in CH2Cl2/MeOH [15mL, 1:1 (v/v)] was heated to reflux. After 
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4 h, the orange solution was cooled to room temperature and then potassium 

hexafluorophosphate (0.08 g) was added. The suspension was stirred for 15 

minutes and then filtered to remove insoluble inorganic salts. The filtrate was 

evaporated to dryness under reduced pressure and the crude product was purified 

by silica gel chromatography in 70% yield. 1H NMR (400 MHz, d6-DMSO) δ (ppm) 

9.022 (s, 1H), 8.404 (s, 1H), 8.034 (d, J = 5.6, 1H), 7.867 (m, 3H), 7.376 (t, J = 5.6, 2H), 

7.707 (d, J = 4.0, 1H), 7.652 (d, J = 7.6, 2H), 7.533 (m, 2H), 7.194 (d, J = 5.6, 1H), 7.405 

(t, J = 7.2, 2H), 6.994 (t, J = 7.6, 2H), 6.883 (t, J = 7.2, 2H), 6.275 (m, 2H), 2.518 (s, 3H). 

ESI-MS: m/e 715.2 (M – PF6-). 

d. Synthesis of [Ir(ppy)2(mbpyCO-NHS)]PF6. 

The mixture of [Ir(ppy)2(mbpyC)]PF6 (0.12 g), N-hydroxysuccinimide (NHS) 

(0.05 g) and dicyclohexylcarbodiimide (DCC) (0.08 g) was dissolved in anhydrous 

CH2Cl2 (10 mL) and stirred at room temperature for 12 hours under N2 atmosphere. 

The red solution was filtered to remove the white precipitate and the filtrate was 

evaporated to dryness under reduced pressure. The crude product was used 

directly for the next step. ESI-MS: m/e 812.2 (M – PF6-). 

e. Synthesis of [Ir(ppy)2(mbpyCONH(CH2)5COOH)]PF6. 

The product from part d (0.05 g) and 6-aminohexanoic acid (0.05 g) was 

dissolved in anhydrous DMF and stirred at room temperature for 12 hours under N2 

atmosphere. The solution was filtered to remove the unreacted 6-aminohexanoic 

acid. The solvent was evaporated under reduced pressure and the solid was purified 

by silica gel choromatography in 70% yield. 1H NMR (400 MHz, d6-DMSO) δ (ppm) 
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8.736 (s, 1H), 8.599 (s, 1H), 8.024 (d, J = 5.6, 1H), 7.909 (m, 2H), 7.840 (d, J = 7.2, 

1H), 7.767 (d, J = 5.6, 2H), 7.747 (d, J = 7.2, 1H), 7.682 (d, J = 7.6, 2H), 7.541 (d, J = 

5.6, 1H), 7.460 (d, J = 5.6, 1H), 7.214 (d, J = 5.6, 1H), 7.031 (m, 4H), 6.915 (m, 2H), 

6.288 (d, J = 7.6, 2H), 3.485 (m, 2H), 2.615 (s, 3H), 2.340 (t, J = 7.2, 2H), 1.675 (m, 

4H), 1.422 (m, 2H). ESI-MS: m/e 828.3 (M – PF6-). 

f. Synthesis of [Ir(ppy)2(mbpyCONH(CH2)5CO-NHS)]PF6. 

The mixture of [Ir(ppy)2(mbpyCONH(CH2)5COOH)]PF6 (0.12 g), NHS (0.05 g) 

and DCC (0.08 g) was dissolved in anhydrous CH2Cl2 (10 mL) and stirred at room 

temperature for 12 hours under N2 atmosphere. The red solution was filtered to 

remove the white precipitate and the filtrate was evaporated to dryness under 

reduced pressure. The crude product was purified by silica gel chromatography in 

90% yield. 1H NMR (400 MHz, CDCl3) δ (ppm) 8.717 (s, 1H), 8.571 (s, 1H), 8.027 (d, J 

= 5.6 ,5H), 7.914 (dd, J = 7.2, 3.6, 2H), 7.844 (dd, J = 5.6, 1.6, 1H), 7.766 (m, 3H), 

7.688 (d, J = 5.6, 2H), 7.546 (d, J = 5.6, 1H), 7.470 (d, J = 5.6, 1H), 7.225 (d, J = 5.6, 

1H), 7.031 (m, 4H), 6.914 (m, 2H), 6.290 (dd, J = 7.6, 2.8, 1H), 3.489 (q, 2H), 2.777 (s, 

4H), 2.610 (s, 3H), 2.605 (t, J = 7.6, 2H), 1.708 (m, 2H), 1.713 (m, 2H), 1.493 (m, 2H). 

ESI-MS: m/e 925.5 (M – PF6-). 
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Scheme 2.2 Synthesis of [Ir(ppy)2(mbpyCONH(CH2)5CO-NHS)]PF6. 

g. Synthesis of [Ru(bpy)2(mbpyc)](PF6)2. 

This compound was synthesized based on literature methods.135 In a typical 

synthesis, a solution of cis-dichlorobis(2,2'-bipyridine)ruthenium(II) dehydrate 

(0.104 g) and mbpyc (0.043 g) in H2O/MeOH [15mL, 1:1 (v/v)] was heated to reflux. 

After 4 h, the deep red solution was cooled down to room temperature and then 

potassium hexafluorophosphate (0.08 g) was added. The suspension was stirred for 

15 minutes and then filtered to remove insoluble inorganic salts. The solution was 

evaporated to dryness under reduced pressure and the crude product was purified 

by silica gel chromatography in 70% yield. 1H NMR (400 MHz, CD3CN) δ (ppm) 

8.836 (s, 1H), 8.468 (m, 5H), 8.026 (t, J = 8.0, 4H), 7.907 (d, J = 5.6, 1H), 7.733 (dd, J = 

5.6, 1.6, 1H), 7.695 (m, 4H), 7.545 (d, J = 6.0, 1H), 7.376 (m, 4H), 7.259 (d, J = 5.6, 

1H), 2.522 (s, 3H). ESI-MS: m/e 773.1 (M – PF6-), 314.1 ([M - 2PF6-]/2). 

h. Synthesis of [Ru(bpy)2(mbpyCO-NHS)](PF6)2. 
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The mixture of [Ru(bpy)2(mbpyC)](PF6)2 (0.108 g), NHS (0.051 g) and DCC 

(0.083 g) was dissolved in anhydrous acetonitrile (20 mL) and stirred at room 

temperature for 12 hours under N2 atmosphere. The red solution was filtered to 

remove the white precipitate and the filtrate was evaporated to dryness under 

reduced pressure. The crude product was used directly for next step. ESI-MS: m/e 

870.1 (M - PF6-), 362.6 ([M - 2PF6-]/2). 

i. Synthesis of [Ru(bpy)2(mbpyCONH(CH2)5COOH)](PF6)2. 

The crude product from part h (0.101 g) and 6-aminohexanoic acid (0.050 g) 

were dissolved in anhydrous DMF and stirred at room temperature for 12 hours 

under N2 atmosphere. The solution was filtered to remove the unreacted 6-

aminohexanoic acid. The solvent was evaporated under reduced pressure and the 

solid was purified by silica gel chromatography in 70% yield. 1H NMR (400 MHz, 

CD3CN) δ (ppm) 8.767 (s, 1H), 8.517 (m, 5H), 8.080 (t, J = 8.0, 4H), 7.875 (d, J = 6.0, 

1H), 7.749 (m, 4H), 7.653 (dd, J = 6.0, 2.0, 1H), 7.589 (d, J = 6.0, 1H), 7.418 (m, 4H), 

7.300 (d, J = 5.6, 1H), 3.412 (q, 2H), 2.575 (s, 3H), 2.305 (q, 2H), 1.624 (m, 4H), 1.406 

(m, 2H). ESI-MS: m/e 886.2 (M -PF6-), 370.6 ([M - 2PF6-]/2). 

j. Synthesis of [Ru(bpy)2(mbpyCONH(CH2)5CO-NHS)](PF6)2. 

The mixture of [Ru(bpy)2(mbpyCONH(CH2)5COOH)](PF6)2 (0.108 g), NHS 

(0.050 g) and DCC (0.081 g) was dissolved in anhydrous acetonitrile (20 mL) and 

stirred at room temperature for 12 hours under N2 atmosphere. The red solution 

was filtered to remove the white precipitate and the filtrate was evaporated to 

dryness under reduced pressure. The crude product was purified by silica gel 
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chromatography in 85% yield. 1H NMR (400 MHz, CD3CN) δ (ppm) 8.750 (s, 1H), 

8.525 (m, 5H), 8.073 (t, J = 7.2, 4H), 7.874 (d, J = 5.6, 1H), 7.749 (m, 4H), 7.660 (dd, J 

= 5.6, 1.6, 1H), 7.591 (d, J = 5.6, 1H), 7.427 (m, 4H), 7.300 (d, J = 6.0, 1H), 3.419 (q, 

2H), 2.736 (s, 4H), 2.635 (t, J = 7.2, 2H), 2.566 (s, 3H), 1.744 (m, 2H), 1.651 (m, 2H), 

1.475 (m, 2H). ESI-MS: m/e 983.2 (M - PF6-), 419.1 ([M - 2PF6-]/2). 

 

Scheme 2.3 Synthesis of [Ru(bpy)2(mbpyCONH(CH2)5CO-NHS)](PF6)2. 

Synthesis of MB-Ir-X and MB-Ru-X (X = BHQ2 or Cy5) 

MB-Ir-X was prepared by coupling MB-NH2-X with 

[Ir(ppy)2(mbpyCONH(CH2)5CO-NHS)]PF6 in mixture solution of DMSO/phosphate 

buffer (pH 6.0) (2/3, v/v) at room temperature overnight. The crude product was 

desalted by size exclusion chromatography PD-10 column with water as solvent and 

then purified by HPLC. An XBridge OST C18 Column (2.5 μm, 4.6 x 50 mm) was used. 

The elution was performed over 90 min at a flow rate of 0.5 mL min-1 and a fixed 

temperature of 60 °C, using a linear gradient (12-50%) of methanol in a buffer 
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containing 8.6 mM triethylamine and 100 mM hexafluoroisopropyl alcohol (pH = 

8.1).128 The pure MB-Ir-X was identified by MALDI-TOF [for MB-Ir-BHQ2 11169.7 

(found), 11171.1(Calcd)] and [for MBIr- Cy5 11279.3 (found), 11275.3 (Calcd)]. MB-

Ru-X was prepared by the same procedure using [Ru(bpy)2(mbpyCONH(CH2)5CO-

NHS)](PF6)2 and identified by MALDI-TOF [for MB-Ru-BHQ2 11083.3 (found), 

11084.1(Calcd)] and [for MBIr- Cy5 11186.6 (found), 11188.3 (Calcd)] 

2.4.3. Supplementary spectra data 

Table 2.1 Photoluminescence lifetime of different photoluminescent species in 

the MBs. 

Name 
Lifetime, nsd (%)e 

[Ir(ppy)2(dmbp)]+ 
λem = 590 nm 

Lifetime, nsd (%)e 
[Ru(bpy)2(dmbp)]2+ 

λem = 630 nm 

Lifetime, nsd 
(%)e 
Cy5 

λem = 660 nm 
[Ir(ppy)2(dmbp)]+ a 340.6 — — 

[Ru(bpy)2(dmbp)]2+ b — 337.1 — 

MB-NH2-Cy5 c — — 
0.70 (27.06%) 
1.6 (74.94%) 

MB-Ir-BHQ2 (no T) 
8.1 (53.19%) 

54.1 (46.81%) 
— — 

MB-Ir-BHQ2 (with T) 
7.1 (40.55%) 

76.2 (59.45%) 
— — 

MB-Ir-Cy5 (no T) 
1.8 (25.34%) 

15.5 (40.11%) 
90.5 (34.55%) 

— 
1.5 (77.24%) 
6.8 (13.73%) 
87.4 (9.03%) 

MB-Ir-Cy5 (with T) 
1.5 (4.80%) 

17.4 (21.67%) 
86.2 (73.53%) 

— 
1.2 (74.39%) 
3.6 (11.59%) 

81.4 (14.02%) 
MB-Ru-BHQ2 (no T) — 263.6 — 
MB-Ru-BHQ2 (with 

T) 
— 443.2 — 

MB-Ru-Cy5 (no T) — 
5.5 (47.10%) 

147.5 (52.90%) 

2.8 (41.20%) 
17.0 (20.84%) 

114.9 (37.97%) 
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MB-Ru-Cy5 (with T) — 
1.3 (7.63%) 

425.6 (92.37%) 
2.0 (13.09%) 

375.1 (86.91%) 

a. In DMSO/H2O (1/9, v/v) 
b. In H2O  
c. All MBs were studied in buffer 
d. Lifetime uncertainty <  5% 
e. % of contribution to the exponential decay law 

 

Table 2.2 Detection limit of MB-Ir-BHQ2, MB-Ir-Cy5, MB-Ru-BHQ2, MB-Ru-Cy5 

using (a) SSPS and (b) TRPS. The detection limit is defined as the amount of 

target necessary to raise the S/B ratio to a value of 3 in dependent experiment. 

Name By SSPS, nM By TRPS, nM 
MB-Ir-BHQ2 30.4 12.9 
MB-Ir-Cy5 25.2 17.9 

MB-Ru-BHQ2 70.4 53.2 
MB-Ru-Cy5 38.7 22.6 
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Figure 2.7.  (a) SSPS spectra of MB-Ru-BHQ2 without (red) and with target 

(blue). (b) Time-gating optimization ratio for MB-Ru-BHQ2 portraying a 40-

100 ns time window as the optimum time-window for TRPS. (c) TRES obtained 

with a 40 – 100 ns time-window without (red) and with target (Blue). (d) 

Time-resolved photoluminescence decays (λem = 630 nm) without (red) and 

with target (Blue) portraying the time window used for TRES.  

 

Figure 2.8 (a) SSPS spectra of MB-Ir-Cy5 without (red) and with target (Blue). 

(b) Time-gating optimization ratio for MB-Ir-Cy5 portraying a 15-110 ns time 

window as the optimum time-window for TRPS. (c) TRES obtained with a 15-

110 ns time-window without (red) and with target (blue). (d) Time-resolved 

photoluminescence decays (λem = 590 nm) without (red) and with target (blue) 

portraying the time window used for TRES. 
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Chapter 3 

Time-resolved photoluminescence 

spectroscopy for the detection of 

cysteine and other thiol containing 

amino acids in strongly 

autofluorescent complex media 

(The chapter contains research work published in the Chemical 

Communication, 2012, 48, 11760-11762)  

3.1. Introduction 

Small-molecule thiols are ubiquitous in biological systems for maintaining redox 

homeostasis.136,137 Abnormal amounts of thiols in biological fluids have been 

associated with cardiovascular diseases,138 Alzheimer’s disease,139,140 idiopathic 

pulmonary fibrosis141 and acquired immune deficiency syndrome,142 among others.
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Therefore, the development of effective and sensitive probes that would allow the 

detection of thiol-containing molecules is pivotal for improving diagnosis methods 

for these diseases. 

Although a variety of thiol probes have been reported using 

electrochemical,143-147 colorimetric148-151 and photoluminescence 

methods,114,136,137,152-161 it is noticeable that all these probes were designed to 

function in background free environments. Also, many of these probes function only 

in buffer media containing a considerable amount of an organic 

solvent.114,149,154,158,160,161 In this chapter, a photoluminescent iridium(III) complex 

modified with a maleimide group is reported as a light switching thiol probe in 

aqueous solution. One important advantage of metal complexes is their long-lived 

photoluminescence lifetime, which allows detecting analytes even in the presence of 

short-lived background fluorescence by using time-gating techniques.112,162 

3.2. Results and discussion 

During previous research, we found that the photoluminescence of 

iridium(III) complexes such as [Ir(bq)2(phen)]+ (bq = benzo[h]quinoline; phen = 

1,10-phenanthroline) is strongly sensitive to modification of the phen ligand. For 

example [Ir(bq)2(phen-NH2)]+ (phen-NH2 = 1,10-phenanthroline-5-amino) is non-

photoluminescent (Scheme 1). Based on this interesting phenomenon, 

[Ir(bq)2(phen-M)]+ (1, phen-M=1,10-phenanthroline-5-maleimide) was synthesized 

(for synthesis see Section 3.3.2 Synthesis procedures and characterization data), 
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which also displays no photoluminescence in aqueous solution. However, when 1 is 

in the presence of small thiol-containing amino acids such as cysteine (Cys), 

homocysteine (Hcy) and glutathione (GSH), it presents up to a 60-fold increase in 

photoluminescence (Figure 3.1). In order to evaluate the selectivity of 1, other 

natural amino acids that do not contain thiol groups, including L-alanine (Ala), L-

arginine (Arg), L-asparagine (Asp), L-histidine (His), L-leucine (Leu), L-lysine (Lys), 

L-phenylalanine (Phe), L-serine (Ser), L-threonine (Thr), L-tryptophan (Try), L-

tyrosine (Tyr), L-valine (Val), L-cystine (oxidized cysteine dimer), and two proteins, 

bovine serum albumin (BSA) and lysozyme, were separately added to 1. The 

photoluminescence intensity of 1 in the presence of different amino acids and 

proteins was explored. As can be seen from Figure 3.1, only thiol-containing amino 

acids produced a light switching response from 1. 

 

Scheme 3.1 Chemical structure of [Ir(bq)2(phen)]+, [Ir(bq)2(phen-NH2)]+ (3) 

and [Ir(bq)2(phen-M)]+ (1). 
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Figure 3.1 Relative photoluminescence intensity of 10 mM probe 1 at 590 nm 

before and after addition of 10 mM of various amino acids, GSH, cysteine and 

proteins (PBS 6.7 mM, pH 7.2, 1% DMF; incubation at room temperature for 1 

minute after mixing). S/B ratio is the ratio of the probe photoluminescence 

after and before the addition of the amino acid. 1+Cys, 1+Hcy, and 1+ GSH 

samples were run in triplicate, and their S/B ratios presented standard 

deviations of less than 3%. Inset: photoluminescence spectra of 1 with 

different concentrations of Cys. 

The quantitative recognition of probe 1 by thiol-containing amino acids was 

assayed using Cys, Hcy, and GSH. As shown in the Figure 3.1 inset, sequential 

titration of Cys (0–11 mM) into a solution of 1 (10 mM) leads to an outstanding 

enhancement of the photoluminescence emission at 590 nm. The linear increase in 

the photoluminescence signal and the saturation of the photoluminescence signal at 

10 mM indicate that the reaction of 1 and Cys is stoichiometric, which was further 

confirmed by 1H NMR titration and ESI-MS (Figure 3.4 and 3.5). Similar 
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experimental results were observed when Hcy and GSH were assayed respectively 

(Figure 3.7 and 3.9). The sensitivity of probe 1 was calculated as the minimum 

amount of thiol-containing amino acid necessary to achieve a three-fold increase in 

its photoluminescence. The determined detection limits were 14.3, 16.4 and 18.6 

nM for Hcy, Cys and GSH respectively (Table 3.1). It is important to note that 1 does 

not present a response towards L-cystine (cysteine oxidized dimer), which is in 

contrast to the low detection limit for L-cysteine and indicates a strong selectivity 

towards the reduced form of the thiol-containing amino acids. Furthermore, the 

reaction of 1 with lysozyme (8 Cys) and BSA (35 Cys) did not show any increase in 

photoluminescence. This can be explained by the fact that all Cys in lysozyme and 34 

out of 35 Cys in BSA are participating in disulfide bonds. Interestingly, while this 

free Cys in BSA has shown to bind maleimide-containing molecules163 it seems to be 

unreactive towards 1, which suggest that the bulky and inflexible structure of 1 

requires a widely exposed thiol group for the reaction to occur. To confirm this, we 

ran the reaction at 60 oC, which would help the BSA to explore more conformations 

than at room temperature. We found that the photoluminescence increased by 30 

fold after 5 minutes, while the control experiment with 1 in buffer at 60 oC just 

showed marginal photoluminescence. 
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Table 3.1 - Detection Limit of 1 to different Thiol molecules. 

Name 
Detection Limit 

(nM)a 
Cys 16.4 
Hcy 14.3 
GSH 18.6 

a. In DMF/PBS (1/999, (v/v)) 

In order to explore the nature of the sensing mechanism of 1 to thiols, DFT 

calculations of the frontier orbitals of 1 and its adduct with Cys were performed for 

the HOMO, LUMO and LUMO + 1 (Figure 3.2). The LUMO of [Ir(bq)2(phen)]+ was 

found to possess phen(*) character as expected from these kinds of metal 

complexes.164,165 In contrast to this, the LUMO of 1 is located at the maleimide group 

and at a considerably lower energy than that of [Ir(bq)2(phen)]+. On the other hand, 

the LUMO of 1-Cys is phen(*) and resembles that of [Ir(bq)2(phen)]+. Given that 

both [Ir(bq)2(phen)]+ and 1-Cys are photoluminescent, it could be concluded that 

the population of this phen(*) excited state results in a radiative deactivation to the 

ground state. The lack of photoluminescence from 1 is consistent with the 

population of the maleimide molecular orbitals in the excited state, which are lower 

in energy than the LUMO of [Ir(bq)2(phen)]+ and 1-Cys, and decay to the ground 

state by non-radiative pathways. This is in agreement with the photophysical 

behavior of other maleimide containing molecules.152 
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Figure 3.2 Molecular orbital diagrams of 1, 1-Cys and [Ir(bq)2(phen)]+. The 

energy of the HOMOs were set to 0 eV for easy comparison (isovalue = 0.04). 

Up to this point we have demonstrated that 1 is an effective probe for thiol-

containing amino acids in aqueous solution with low detection limits. This probe, 

however, presents the additional advantage of having a relatively long 

photoluminescence lifetime (for 1-Cys the average lifetime is 99.2 ns, Table 3.2), 

which could be used to detect thiol-containing amino acids in media with high 

autofluorescence background. A high autofluorescence background will obscure the 

photoluminescence of the probe, preventing the detection of the analyte. To 

demonstrate the ability of this probe to overcome strong autofluorescent 

background, and to selectively detect thiol containing molecules in a complex 
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environment we used Dulbecco’s Modified Eagle (DME) as a medium for our 

experiments. The DME medium has an emission at around 595 nm, which overlaps 

completely with that of 1, degrading the large S/B ratio of the probe to basically 

nothing (see Figure 3.3a). Furthermore, this medium, which is popular for cell 

cultures, contains a complex mixture of inorganic salts, amino acids, vitamins and 

other molecules such as glucose and pyruvic acid. Moreover, it lacks L-cysteine, but 

contains L-cystine (the oxidized form of cysteine), which is unreactive to 1. 

Table 3.2 - Photoluminescence properties of different species studied. 

Name Lifetime, ns (λem = 590 nm)a Quantum Yieldb 
1 — — 

[Ir(bq)2(phen)]+ 
79.93 (62.37%) 

213.51 (37.63%) 
24.3% 

1 + Cys 
48.91 (61.45%) 
179.39(38.55%) 

11.1% 

1 + Hcy 
46.33 (58.38%) 

188.94 (41.62%) 
10.4% 

1 + GSH 
47.36 (64.00%) 

193.99 (36.00%) 
9.96% 

a. In DMF/PBS (1/99, v/v) 
b. In DMF/PBS (1/99, v/v); Ru(bpy)32+ in H2O was used as reference166 

Figure 3.3b shows the photoluminescence time-decay transients for 1 in 

DME medium before and after the addition of Cys. The photoluminescence decay 

before the addition of Cys (red curve, Figure 3.3b) basically shows the 

autofluorescence decay of the DME medium, since 1 presents virtually no 

photoluminescence. However, when Cys is added (blue curve, Figure 3.3b) a long-

lived photoluminescence arises which is due to the presence of 1-Cys. It is evident 
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from Figure 3.3b that the short-lived fluorescence of the DME medium decays much 

faster than the relatively long-lived photoluminescence of 1-Cys. Time-resolved 

photoluminescence spectroscopy allows selecting a time-window after the 

fluorescence background has decayed but where still the photoluminescence of 1-

Cys is strong. This time-window was selected to be from 60–150 ns and was 

determined using a recently published method by our group.162 Figure 3.3c shows 

the time-resolved emission spectra (TRES) of 1 with and without Cys in the 

presence of strong autofluorescent background from DME media, and time-gating 

from 60–150 ns. As expected, most of the autofluorescent background has been 

eliminated allowing the selective observation of the photoluminescence of the long-

lived probe. An S/B ratio of 11.8 can be obtained using time-gating, which is in 

contrast to the poor S/B ratio shown in Figure 3.3a. Furthermore, Figure 3.3d shows 

the titration of 1 with Cys in autofluorescent DME medium using steady-state and 

time-resolved photoluminescence spectroscopy. This figure convincingly shows that 

by using steady-state methods no thiol can be detected, which is a consequence of 

the strong fluorescence of DME media obscuring the assay. In contrast to this, using 

time-resolved photoluminescence spectroscopy and time-gating from 60–150 ns 

result in the unambiguous detection of Cys. Similarly, thiol detection experiments 

with the addition of the fluorophore sulfo-rhodamine in PBS buffer solution can be 

found in the supplementary spectra data and lead to the same results (Figure 3.6–

3.10). These results provide concrete evidence of the advantages of this probe for 
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the detection of thiol-containing amino acids in complex environments with strong 

autofluorescence. 

 

Figure 3.3 (a) Steady-state emission of 10 µM solution of 1 in the Dulbecco's 

Modified Eagle medium (1% DMF) with (blue line) and without (red line) 

addition of 10 µM cysteine; (b) Time-decay transients of the same solution 

before (red line) and after (blue line) addition of 10 µM cysteine (exc = 370 

nm, (em = 590 nm); (c) Time-resolved emission of the same solution with 

time-gating from 60 to 150 ns after laser excitation; (d) Titration of cysteine to 

10 µM solution of 1 in the Dulbecco's Modified Eagle medium (1% DMF) using 

a steady-state fluorometer (red points) and a time-resolved fluorometer with 

time-gating from 60 to 150 ns (blue points).  

In this chapter a thiol probe based on an iridium complex with long-lived 

photoluminescence was synthesized, which can be used for the detection of thiols 

even in the presence of strong background fluorescence. This system provides an 
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easy and fast methodology for detecting thiol containing amino acids, which has 

potential applications in clinical diagnostics. 

3.3. Experimental methods 

3.3.1. General instrumentation, spectroscopic and computational methods 

1H NMR spectra were recorded with a Bruker 400 MHz NMR spectrometer. 

Electrospray ionization mass spectra (ESI-MS) were measured on a Bruker 

MicroToF system.  

UV-Visible spectra were recorded on a Shimadzu UV-2450 UV-Vis 

spectrophotometer. Steady-state photoluminescence spectra were obtained in a 

HORIBA JovinYvonFluorolog 3, with excitation at 370 nm. Time-resolved studies 

where performed using an Edinburgh Instruments OD470 single-photon counting 

spectrometer with a high speed red detector, and using a 370 nm picosecond pulse 

diode laser. Experiments in Dulbecco's Modified Eagle medium were performed 

using high glucose, pyruvate DMEM obtained from Invitrogen (cat. no. 11995). 

Density Functional Theory calculations were performed with the aid of the 

Gaussian 09 (revision B.01) suite of programs,167 employing the PBE0 

functional,168,169 with a 6-31G* basis set for hydrogen, nitrogen, carbon and sulfur 

and the LANL2DZ pseudopotentials for Ir,170-172 with an additional f-type function 

on the Ir atom with exponent α = 0.938 bohr-2 similar to Zhao et al.161 A conductive 
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polarizable continuum model with water as a solvent was used. Vibrational 

frequency analysis was used to confirm the potential energy surface minima. 

3.3.2. Synthesis procedures and characterization data 

 

Scheme 3.2 Synthesis route of complex 1. 

Synthesis of complex 3: This compound was synthesized based on 

literature methods.134 A mixture of 2-ethoxyethanol and water (3:1, v/v) was added 

to a flask containing IrCl3 (0.30 g) and benzo[h]quinoline (0.34 g). The mixture was 

refluxed for 24 h. After cooling, the orange solid precipitate was filtered by vacuum 

to give crude cyclometalated iridium(III) chloro-bridged dimer. The solution of 

cyclometalated iridium(III) chloro-bridged dimer (0.1 g) and 5-amino-

phenanthroline (0.05 g) in CH2Cl2/MeOH [15mL, 1:1 (v/v)] was heated to reflux. 

After 4 h, the orange solution was cooled to room temperature and then potassium 
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hexafluorophosphate (0.08 g) was added. The suspension was stirred for another 15 

minutes and filtered to remove insoluble inorganic salts. The solution was 

evaporated to dryness under reduced pressure and the crude product was purified 

by silica gel chromatography with an acetone and dichloromethane mixture (1:5, 

v/v) as eluent resulting in 80% yield. Rf for compound 3 is 0.38. 1H NMR (400 MHz, 

d6-acetone) δ (ppm) 8.975 (d, J = 8.4, 1H), 8.457 (d, J = 8.0, 2H), 8.355 (m, 2H), 8.124 

(m, 2H), 7.960 (d, J = 4.8, 1H), 7.934 (d, J = 8.8, 2H), 7.840 (m, 3H), 7.587 (m, 1H), 

7.508 (m, 2H), 7.439 (m, 2H), 7.311 (s, 1H), 7.163 (m, 2H), 6.463 (m, 2H), 6.394 (s, 

2H). ESI-MS: m/e 744.2 (M – PF6-). 

Synthesis of complex 2: A mixture of complex 3 (0.10 g) and maleic 

anhydride (0.20 g) was stirred in anhydrous DMF (5 mL) at 60 oC for 48 hours. The 

solution was evaporated to dryness under reduced pressure and the crude product 

was purified by silica gel chromatography with a methanol and dichloromethane 

mixture (1:19, v/v) as eluent resulting in 60% yield. Rf for compound 2 is 0.28. 1H 

NMR (400 MHz, CD3CN) 8.793 (d, J = 8.4, 1H), 8.565 (s, 1H), 8.544 (d, J = 8.4, 1H), 

8.340 (m, 2H), 8.304 (d, J = 4.8, 1H), 8.205 (d, J = 4.8, 1H), 7.907 (d, J = 8.4, 2H), 7.875 

(m, 2H), 7.768 (d, J = 8.4, 2H), 7.733(m, 1H), 7.640 (m, 1H), 7.516 (d, J = 8.0, 2H), 

7.301 (m, 2H), 7.171 (t, J = 7.2, 2H), 6.770& 6.471 (both d, symmetric, J = 12.4, 

1H&1H), 6.391 (t, J = 7.2, 2H). ESI-MS: m/e 842.2 (M – PF6-). 

Synthesis of complex 1: A mixture of complex 2 (50 mg), N,N' 

Dicyclohexylcarbodiimide (40 mg) and N-Hydroxysuccinimide (25 mg) was 

dissolved in anhydrous dichloromethane (10 mL) and stirred at room temperature 



  
 

83 
 

under nitrogen overnight. The solution was filtered to remove the white precipitate 

and the filtrate was evaporated to dryness under reduced pressure. The crude 

product was purified by silica gel chromatography with an acetone and 

dichloromethane mixture (1:5, v/v) as eluent resulting in 90% yield. Rf for 

compound 1 is 0.40. 1H NMR (400 MHz, d6- acetone) δ (ppm) 8.674 (d, J = 8.4, 1H), 

8.442 (d, J = 8.8, 1H), 8.373 (m, 2H), 8.316 (m, 2H), 8.250 (s, 1H), 7.930 (m, 3H), 

7.884 (d, J = 5.2, 1H), 7.812-7.704 (m, 4H), 7.554 (m, 2H), 7.336 (m, 2H), 7.208 (t, J = 

7.2, 2H), 7.140 (m, 2H), 6.498 (m, 2H). 13C NMR (400 MHz, d6-acetone) δ (ppm) 

169.73, 157.15, 152.59, 152.38, 149.15, 147.98, 147.26, 146.43, 146.21, 140.91, 

139.03, 137.57, 135.33, 135.27, 134.39, 130.48, 129.77, 129.49, 129.28, 129.12, 

128.91, 127.40, 127.30, 127.06, 124.09, 122.43, 120.68. ESI-MS (high resolution): 

m/e 824.1636 (M – PF6-) (theoretical value: 824.16). 
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3.3.3. Supplementary spectra data 

 

Figure 3.4 The ESI-Mass Spectrum of 1-Cys, 1-Hcy and 1-GSH (from top to 

bottom). 
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Figure 3.5 The 1H NMR Spectra of 1.0 mM of 1 in d6-DMSO upon addition of 

cysteine in D2O (0, 0.33, 0.66 and 1.0 mM, from bottom to top). The quartet 

peak at 7.40 ppm disappeared gradually after cysteine was added into the 

solution of 1, which is attributed to the two protons of the maleimide. 

 



  
 

86 
 

Figure 3.6 (a) Steady-state photoluminescence emission of 10 µM solution of 1 

(PBS 6.7 mM, pH 7.2, 1% DMF) in sulforhodamine autofluorescent media 

before (red line) and after (blue line) addition of 10 µM homocysteine; (b) 

Time-decay transients of the same solution before (red line) and after (blue 

line) addition of 10 µM homocysteine (exc = 370 nm, (em = 590 nm); (c) Time-

resolved emission spectra of the same solution time-gating from 60 to 150 ns 

after laser excitation; (d) Titration of homocysteine to a solution of 1 in 

sulforhodamine autofluorescent media using a steady-state fluorometer (red 

points) and a time-resolved spectrometer with time-gating from 60 to 150 ns 

(blue points). 

 

Figure 3.7 Fluorescence enhancement of 1 (10 µM) upon addition of 

homocysteine (0, 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11 µM) in PBS buffer (6.7 mM, pH 

7.2, 1% DMF). 
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Figure 3.8 (a) Steady-state photoluminescence emission of 10 µM solution of 1 

(PBS 6.7 mM, pH 7.2, 1% DMF) in sulforhodamine autofluorescent media 

before (red line) and after (blue line) addition of 10 µM homocysteine; (b) 

Time-decay transients of the same solution before (red line) and after (blue 

line) addition of 10 µM homocysteine (exc = 370 nm, (em = 590 nm); (c) Time-

resolved emission spectra of the same solution time-gating from 60 to 150 ns 

after laser excitation; (d) Titration of homocysteine to a solution of 1 in 

sulforhodamine autofluorescent media using a steady-state fluorometer (red 

points) and a time-resolved spectrometer with time-gating from 60 to 150 ns 

(blue points). 
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Figure 3.9 Fluorescence enhancement of 1 (10 µM) upon addition of 

glutathione (0, 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12 µM) in PBS buffer (6.7 mM, pH 

7.2, 1% DMF). 

 

Figure 3.10 (a) Steady-state photoluminescence emission of 10 µM solution of 

1 (PBS 6.7 mM, pH 7.2, 1% DMF) in sulforhodamine autofluorescent media 

before (red line) and after (blue line) addition of 10 µM glutathione; (b) Time-

decay transients of the same solution before (red line) and after (blue line) 

addition of 10 µM glutathione (exc = 370 nm, (em = 590 nm); (c) Time-

resolved emission spectra of the same solution time-gating from 60 to 150 ns 

after laser excitation; (d) Titration of glutathione to a solution of 1 in 

sulforhodamine autofluorescent media using a steady-state fluorometer (red 

points) and a time-resolved spectrometer with time-gating from 60 to 150 ns 

(blue points).  
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Chapter 4 

Ascertaining Free Histidine from 

Mixtures with Histidine-Containing 

Proteins Using Time-Resolved 

Photoluminescence Spectroscopy 

(The chapter contains research work submitted to publication in the Journal 

of Physical Chemistry A)  

4.1. Introduction 

The development of probes for the detection of histidine has been an 

intensive area of research in the past few years.173-180 Interestingly, although both 

histidine and histidine-rich proteins are important molecules in medical diagnosis, 

they provide different information about diseases. Atypical levels of proteins that 

are rich in histidine are a sign for diseases such as AIDS,181,182 decreased heart 



  
 

94 
 

function,183 familial thrombophilia,184 advanced liver cirrhosis,185 and malaria,186,187 

among others. On the other hand, abnormal levels of free histidine are associated 

with other diseases, such as mental disorders,188 rheumatoid arthritis,189 

Alzheimer’s disease,190 and Scombroid poisoning.191 Discrimination of histidine 

from histidine-containing proteins generally involves some kind of separation 

process followed by analysis; however, to the best of our knowledge, there are no 

probes reported so far capable of discerning free histidine directly from a mixture 

with proteins. 

Transition metal complexes with low spin d6 electronic configurations have 

demonstrated to have outstanding photoluminescence properties.192-195 Among this 

group, iridium complexes have been widely explored as dyes for chemosensors,196 

cell staining178,192 and biolabeling.197 Our research group and others have explored 

the benefits of using iridium-based probes to detect certain amino acids.195,197-203 

Specifically for histidine, iridium probes take advantage of the coordination-based 

attachment of the electron pair of imidazole groups to the iridium metal center. The 

coordination of histidine to the iridium center produces an intense increase in 

photoluminescence, which has been capitalized for histidine sensing.178,192,199,204 

As we mentioned before, the challenge of histidine probes is to distinguish 

the photoluminescence coming from the probe bound to histidine from the 

photoluminescence coming from the probe bound to other biomolecules containing 

histidine. Interestingly, we noticed that the photoluminescence lifetime of iridium 

complexes bound to histidine or histidine-containing molecules is markedly 
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different. This is in part due to the sensitivity of the photoluminescence lifetime of 

iridium probes to the environment polarity, presence of oxygen, and coordination. In 

this chapter we use time-resolved photoluminescence spectroscopy in combination 

with long-lived iridium probes as a proof-of-concept to discriminate between free 

histidine and histidine-containing proteins. Specifically, we present how time-

resolved decays can be analyzed to provide quantification of free histidine in 

solutions holding histidine-containing proteins such as bovine serum albumin 

(BSA), insulin, and lysozyme. 

In this chapter, four histidine-responsive cyclometalated iridium(III) 

complexes Ir(L)2(sol)2 (Scheme 4.1) were synthesized using a two-step reaction 

(where L is 2-phenylpyridine, 2-(2,4-difluorophenyl)pyridine, or benzo[h]quinolone 

and sol is a solvent molecule). The photoluminescence response of probe 1 and 3 

with histidine and histidine-containing proteins has been previously reported.199 

The photoluminescence spectra of these two complexes are very similar, although 

also very weak in the absence of histidine. When histidine is added to these 

complexes, they display a dramatic increase in photoluminescence. Changing the 

ligand from acetonitrile (ACN) to dimethyl sulfoxide (DMSO) improves the response 

time and the photoluminescence change of the complex. Probes 2 and 4 were also 

designed to display similar light switching behavior but with different emission 

wavelengths. The steady-state photoluminescence increase of these probes can be 

quantitatively associated with the amount of histidine, but it cannot differentiate 

between free and protein-bound histidine. We will demonstrate how this type of 
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probe can be used in combination with time-resolved photoluminescence 

spectroscopy to quantify the amount of free histidine even in a medium with 

histidine-containing proteins. 

 

Scheme 4.1 Chemical structure of [Ir(ppy)2(DMSO)2]+ (1), 

[Ir(dfppy)2(DMSO)2]+ (2), [Ir(ppy)2(ACN)2]+ (3) and [Ir(bq)2(ACN)2]+ (4). (ppy 

= 2-Phenylpyridine, fdppy = 2-(2,4-Difluorophenyl)pyridine, bq = 

Benzo[h]quinoline, ACN = acetonitrile, DMSO = dimethyl sulfoxide). 

In a time-resolved photoluminescence experiment, the photoluminescent 

molecule is excited with a short laser pulse populating the excited state. The 

emission from an ensemble of excited molecules in solution typically decays with a 

lifetime that is given according to205 

                                                                                                                         (4.1) 

where I(t) is the time-dependent emission intensity, A is the pre-exponential factor, 

and τ is the photoluminescence lifetime. The emission lifetime and pre-exponential 

factors are determined by fitting the time decay curve to eq 4.1. The pre-exponential 

factor is the photoluminescence intensity of the dye immediately after of the end 

laser pulse, as long as the excitation pulse is much shorter than the probe 
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photoluminescence lifetime, and the detector response is proportional to the 

concentration of produced excited states.206 Under these conditions, the pre-

exponential factor is proportional to the steady-state photoluminescence intensity 

as in eq 4.2: 

                                                                                                              (4.2) 

where I is the steady-state intensity of the photoluminescent species. Because the 

steady-state photoluminescence intensity is proportional to the concentration of 

photoluminescent species, the species concentration is related to the pre-

exponential factor by the following relation: 

                                                                                                                               (4.3) 

where δ is a proportionality factor. Equations 4.1−4.3 are illustrated using a simple 

single exponential function model. In reality, photoluminescent molecules in 

different environments are likely to display multiexponential decays of the form 

                                                                                                                   (4.4) 

where Ai values are the pre-exponential factors of the different lifetime components 

of the photoluminescent molecule. Therefore, the concentration of 

photoluminescent molecules with certain lifetime can be obtained by using the 

corresponding pre-exponential factor as in eq 4.5. 
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                                                                                                                             (4.5) 

It is important to point out that the pre-exponential factors [Ai] are function 

of different parameters such as the spectral response of the detector, the 

concentration of the probe, the emission and absorption characteristics of each 

component (of the multiexponential decay), the spectral transmission properties of 

the filters and monochromators, and the spectral distribution of the excitation 

light.206 Similarly, the proportionality factor (δ) depends on instrumental 

parameters such as slit size, laser intensity, collection time, optics, and the detector’s 

response. Therefore, the relationship between the pre-exponential factor and 

concentration of a particular species corresponding to a particular decay component 

only holds if all other factors are kept constant. 

Because the probes are nonemissive in aqueous solution, the concentration 

of the photoluminescent species ([P]i) in the detection assay is actually equivalent to 

the concentration of histidine, which coordinates to the iridium center and forms an 

emissive adduct. The photoluminescence response of probe 1 in the presence of 

excess histidine and bovine serum albumin (BSA, which has 17 histidines in its 

sequence) is shown in Figure 4.1a. A typical “off-on” switch behavior was observed, 

in agreement with previous reports.178 In phosphate buffer solution (PBS 6.7 mM, 

pH 7.2) of probe 1, the addition of histidine produces a 1300 folds emission 

enhancement, which is larger than that from probe 3 (180 folds). The presence of 

BSA gives a larger increase in photoluminescence response of 2000 fold. As can be 

appreciated from Figure 1a, the photoluminescence spectrum of probe 1 with 

[P]i =di t i Ai
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histidine is quite similar to the photoluminescence spectrum of 1 with BSA. The 

main difference is on the intensity, which is actually related to the different binding 

sites and environments between 1-His and 1-BSA; however, it is evident that the 

steady-state spectra cannot be used to differentiate between them, especially if both 

species are present in the same solution. Nonetheless, the time-resolved 

photoluminescence decays present marked differences (Figure 4.1b). Although the 

decay of 1-His displays a monoexponential lifetime of 487 ns, 1-BSA presents a 

multiexponential decay with average lifetime of 1290 ns. This longer lifetime is 

likely due to a more protected environment of the metal complexes when bound to 

BSA, which shields the complex from the molecular oxygen. 

 

Figure 4.1 (a) Steady-state photoluminescence spectra of 10 µM probe 1 in 

PBS buffer in the absence (black line) and presence of 10 µM histidine (red 

line) or 10 µM BSA (blue line). Insert: photoluminescence change of 

corresponding samples. (b) Decay profiles of 10 µM probe 1 in PBS buffer in 

the presence of 10 µM histidine (red line) or 10 µM BSA (blue line). Insert: 

photoluminescence photo of corresponding samples. 
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4.2. Results and discussion 

Although steady-state spectroscopy can certainly be used to report on the 

concentration of free histidine in samples containing no other biomolecules, 

detection of free histidine in a mixture with histidine-containing proteins such as 

BSA would be challenging using this technique. On the other hand, time-resolved 

spectroscopy produces decay traces that can be analyzed by nonlinear least-squares 

methods to resolve overlapping signals from 1 with free histidine or protein. To 

demonstrate this, we prepared a calibration curve of 1 with different concentrations 

of histidine (Figure 4.2a). 1-His adducts exhibit single-exponential decays with fixed 

lifetime of 487 ns, independent of the concentration of 1-His. Furthermore, the pre-

exponential factor A487 (Ai value with fixed lifetime at 487 ns) as a function of 

concentration is linear up to 10 μM (Figure 4.2b). The saturation of the 

photoluminescence signal at 10 μM of histidine indicates that the reaction of 1 and 

histidine is basically stoichiometric, which was further confirmed by the ESI-MS 

(Figure 4.7, Section 4.5 Supplementary spectra data). A proportionality factor of δ = 

3.3 × 10−3 M s−1 was obtained from the data in Figure 4.2b (Section 4.4 Mathematical 

fitting of the time-decay curve, Figure 4.5). This result makes it accessible to use the 

pre-exponential factor (A487) for the selective detection of free histidine levels in the 

presence of background produced by histidine-containing proteins, as long as the 

experimental parameters used are maintained constant. 
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Figure 4.2 (a) Decay profiles of 10 µM PBS solution of probe 1 in the presence 

of different amounts of histidine (0 – 20 µM); (b) calculated pre-exponential 

factor A487 from the decay profiles of 10 µM solution of probe 1 as a function of 

histidine concentration (fixed lifetime  at 487 ns). 

A challenging issue in the detection of histidine is its selective recognition 

when free histidine and histidine-containing proteins coexist in the same mixture. 

As a proof-of-concept of the synergy of probe 1 and time-resolved 

photoluminescence spectroscopy for quantitatively detecting free histidine without 

interference from protein background, the same assay was performed in the 

presence of BSA (Figure 4.3). Different amount of histidine (0−8 μM) were added to 

probe 1 in PBS solution containing 0.5 μM BSA (BSA contains 17 histidines). After a 

period of incubation, the steady-state emission and decay profiles were obtained. 

The steady-state photoluminescence experiments gave a relatively small 

photoluminescence increase with a signal-to-background ratio (S/B) of 4.2 with 
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excess histidine. This poor S/B is due to the presence of BSA, which increases the 

background photoluminescence (Figure 4.3a). When the sample was probed using 

time-resolved spectroscopy, the result were multiexponential decays with decays 

signals due to 1-BSA mixed with the single-exponential decays from 1-His (Figure 

4.3b). In a time-resolved experiment, the different components of a 

multiexponential decay can be in theory resolved if the lifetime components are 

different enough. The decay transients were fitted by a nonlinear least-squares 

routine fixing one of the component to 487 nm lifetime (the lifetime of 1-His). Figure 

4.3c shows the calculated single-exponential decays of 1-His showing the A487 pre-

exponential factor in the vertical axis at the different histidine concentrations. An 

example of how the fitting is performed is given in the Section 4.4. By using the 

proportionality factor obtained from Figure 4.2, we calculated the concentration of 

histidine from the A487 pre-exponential factor for a solution with free histidine in the 

presence of BSA (Figure 4.3d). It is perceptible from Figure 4.3d that the calculated 

values match well with the real values of histidine, even in samples containing BSA 

up to a histidine concentration of 6 μM (probe concentration of 10 μM). Under the 

conditions of this experiment we estimate that the detection limit is ca. 1 μM (see 

discussion in Section 4.5 Supplementary spectra data, Table 4.2). Although not all 

the histidines in BSA are expected to react with probe 1, it is still notable being able 

to selectively detect 1 μM free histidine in the presence of 8.5 μM protein-bound 

histidine (0.5 μM BSA × 17 histidines = 8.5 μM). 
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The correct determination of free histidine in the sample requires that all 

free histidines react with probe. In a system where there is an additional sink for the 

probe, such as BSA, there can be unreacted free histidine left at the end of the 

reaction. If this happens, the signal of the probe will be lower than what would be 

expected, and therefore the concentration of histidine will be underestimated (see 8 

μM histidine concentration, Figure 4.3d). Therefore, the concentration of free 

histidine can be determined as long as there is enough probe to react with all the 

free histidine in the sample. Section 4.5 Supplementary spectra data, Figure 4.7, 

shows the same experiment as Figure 4.3d, but with 20 μM probe 1. This figure 

shows a linear range that extends further than 10 μM histidine. Adding more probe 

extends the detection range because the probe is capable of reacting with all the free 

histidine. For a system of unknown concentrations of BSA and histidine it is 

recommend that the experiment is performed with at least two different 

concentrations of the probe. If the values obtained are the same, then the 

concentration of probe is enough to react with all the free histidine; however, if the 

value increases with increasing probe concentration, it indicates that more probe is 

needed to correctly calculate the concentration of histidine in the sample. 

Nonetheless, given that there is enough probe to react with all the free histidine, the 

pre-exponential factor (A487) allows the correct calculation of free histidine even in 

the presence of BSA (see the similarity of red and black dots in Figure 4.3d, and 

Figure 4.8 in Section 4.5 Supplementary spectra data). The same assay with insulin 

and lysozyme as background proteins were explored, which have two and one 
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histidine in their sequence, respectively (Section 4.5 Supplementary spectra data, 

Figure 4.9 and 4.12). The results were similar to the findings with the BSA, which 

contains 17 histidines and is certainly a more complex environment. 

 

Figure 4.3 (a) Steady-state photoluminescence of 1 (10 µM) in the presence of 

different concentrations of histidine (0 – 8 µM) PBS with 0.5 µM of BSA (17 

histidines) in PBS; (b) decay profiles of the samples in Figure 3a (λexc = 370 nm, 

λem = 510 nm); (c) Calculated 487 ns decay profiles from Figure 3b; (d) 

Determination of the free histidine concentration from the A487 

preexponential factors obtained from a solution of probe 1 in the presence 

(red points, from Figure 2b) and absence (black points) of 0.5 µM of BSA. 

Every point represents an independently prepared sample. The black curves 

in (a) and (b) represent 10 µM of 1 in PBS (no histidine or BSA). 

It is important to point out that the success of this technique depends heavily 

on the ability of the nonlinear least-squares routine to separate the components 

(lifetimes and pre-exponential factors) which are by definition correlated in a multi-

exponential decay.205 Therefore, extreme care must be taken when we analyze 
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multi-exponential decay curves with lifetimes that are similar. Also, the higher the 

signal-to-noise ratio, the more accurate the fit, and therefore the more accurate the 

determination of the different parameters. The described methodology works best 

when the composition of the system under study is somewhat known (e.g., the 

lifetimes of the probe with the protein and with the free histidine and the range of 

concentrations expected). Although we have demonstrated the proof-of-concept 

that time-resolved spectroscopy can be used in combination with photoluminescent 

iridium probes to detect free histidine, more experiments are still necessary to 

assess further advantages and limitations of this methodology. 

Because the photoluminescence emission of iridium complexes is highly 

dependent on the cyclometalating ligands,193 we synthesized probes with different 

colors for potential multiplex detection. Probes 2−4 were then synthesized with 

modified ligands of 2-phenylpyridine. Complex 4 was synthesized with ACN and not 

with DMSO due to problems with purification of the DMSO product. Upon reaction 

with histidine, the photoluminescence emission of these complexes range from 470 

to 550 nm (Figure 4.4). Although the photoluminescence increase and reaction 

kinetics  are different for the different complexes, the results suggest that all these 

complexes can be used in combination with time-resolved spectroscopy to detect 

free histidine with emission colors that range from green to orange. 
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Figure 4.4 Normalized photoluminescence spectra of probe 1 (black line), 2 

(red line), 3 (blue line) and 4 (cyan line) in PBS solution with a 2 fold excess 

histidine. Inset: photographs of the photoluminescence were obtained under 

irradiation with UV light (365 nm). 

In summary, in this chapter it is demonstrated that pre-exponential factors 

derived from time-resolved experiments could be used to detect and quantify free 

histidine in mixtures with histidine-containing proteins. Specifically, we 

demonstrated the potential application of the complex [Ir(ppy)2(dmso)2]+ and 

derivatives as probes for detection of free histidine molecules in the presence of 

histidine-rich protein background. The pre-exponential factors obtained from non-

linear least-squares fitting routines allowed us to completely separate the 

contribution of the photoluminescence from the probe bound to free histidine from 

the contribution of the photoluminescence from the probe bound to histidine in the 

protein. The success of this technique is based on the different lifetimes presented 

by the probes with histidine or with proteins, which can be further applied to the 

detection of other free amino acids. 
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4.3. Experimental section 

Synthesis of 1. This compound was synthesized based on literature 

methods.178 The mixture of IrCl3 (0.30 g) and 2-phenylpyridine (0.34 g) in solution 

of 2-ethoxyethanol and water (3:1, v/v) was refluxed for 24 h under nitrogen. After 

cooled down to room temperature, the yellow precipitate was filtered out to give 

crude cyclometalated iridium(III) chloro-bridged dimer. Then, a solution of 

cyclometalated iridium(III) chloro-bridged dimer (0.1 g) and silver nitrate (0.15 g) 

in 20 mL DMSO was stirred at 100 C under nitrogen for 4 hours. After reaching 

room temperature, potassium hexafluorophosphate (0.15 g) was added to the dark-

green solution. The suspension was kept stirring for another 15 minutes and filtered 

out. The solvent was then removed under vacuum and the crude product was 

purified by silica gel chromatography with an acetone/dichloromethane mixture 

(1:15, v/v) as eluent in a 70% yield. 1H NMR (400 MHz, d6-DMSO) δ (ppm) 9.82 (d, J 

= 5.6, 1H), 9.55 (d, J = 5.6, 1H), 8.27 (d, J = 8.0, 1H), 8.19 (d, J = 8.0, 1H), 8.10 (t, J = 

8.0, 1H), 8.02 (t, J = 8.0, 1H), 7.80 (d, J = 8.0, 1H), 7.74 (d, J = 8.0, 1H), 7.58 (t, J = 6.8, 

1H), 7.46 (t, J = 6.8, 1H), 6.91 (t, J = 7.2, 1H), 6.85 (t, J = 7.2, 1H), 6.77 (t, J = 7.2, 1H), 

6.70 (t, J = 7.2, 1H), 6.26 (d, J = 7.6, 1H), 5.68 (d, J = 7.6, 1H). ESI-MS: m/e 657.2 (M – 

PF6-). 

Synthesis of 2. The synthetic route is similar to the approach for 1 but only 

using 2-(2,4-difluorophenyl)pyridine in the first step. 1H NMR (400 MHz, d6-DMSO) 

δ (ppm) 9.79 (d, J = 6.0, 1H), 9.57 (d, J = 6.0, 1H), 8.31 (d, J = 8.4, 1H), 8.26 (d, J = 8.4, 
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1H), 8.21 (t, J = 8.0, 1H), 8.12 (t, J = 8.0, 1H), 7.67 (t, J = 6.8, 1H), 7.58 (t, J = 6.8, 1H), 

6.82 (m, 2H), 5.74 (d, J = 8.4, 1H), 5.08 (d, J = 8.4, 1H). ESI-MS: m/e 729.2 (M – PF6-). 

Synthesis of 3. The synthetic route is similar to the approach 1 in the first 

step. Acetonitrile was used as reaction solvent in the second step. 1H NMR (400 

MHz, d3-acetonitrile) δ (ppm) 9.09 (d, J = 6.0, 2H), 8.05 (m, 4H), 7.65 (d, J = 7.6, 2H), 

7.46 (m, 2H), 6.88 (t, J = 7.2, 2H), 6.74 (t, J = 7.6, 2H), 6.06 (d, J = 7.6, 2H), 1.96 (s, 

6H). ESI-MS: m/e 583.3 (M – PF6-). 

Synthesis of 4 The synthetic route is similar to the approach for 1, but using 

benzo[h]quinolone as ligand in the first step and acetonitrile as reaction solvent in 

the second step. 1H NMR (400 MHz, d3-acetonitrile) δ (ppm) 9.48 (d, J = 5.6, 2H), 

8.60 (d, J = 8.0, 2H), 7.88 (m, 2H), 7.82 (s, 4H), 7.34 (d, J = 7.6, 2H), 6.94 (t, J = 7.6, 

2H), 6.02 (d, J = 7.2, 2H), 1.96 (s, 6H). ESI-MS: m/e 631.3 (M – PF6-). 

Preparation and incubation of samples before measurement.  

A set of probe 1 solutions (3mL each, 10 µM) in PBS were prepared in 4 mL 

vials. Different amounts of a histidine stock solution were added into the different 

vials from 0 to 10 µM. The solutions were incubated at room temperature for 6 

hours before measurement. For samples with BSA, insulin and lysozyme, the 

procedure of sample preparation is similar, with a single addition of premixed 

histidine/BSA solutions with different histidine concentrations (or 

insulin/lysozyme). 
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4.4. Mathematical fitting of the time-decay curve 

4.4.1. Calculation of proportionality factor, .  

[P] = A 

Therefore, the slope (k) of the graph below is 1/. Since  is fixed as 487 ns. The  

can be obtained as follows  

 = 1/k = 1/(616.75 µM-1) (487 ns) = 1/[(6.168e8 M-1) (4.87e-7 s)] = 3.329e-3 M s-1  

 

Figure 4.5 Calculated pre-exponential factors (A487) of 10 µM solution of probe 

1 as a function of histidine concentration (fixed lifetime  at 487 ns) and the 

calculation of proportionality factor, . 
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4.4.2. Example of non-linear least square fitting procedure: 

As an example of the procedure to separate the pre-exponential factor 

corresponding to the probe bound to free-histidine from other components, we 

show the non-linear least square fit of entry 6 of table 4.1: 10 µM probe 1 with 0.5 

µM BSA and 4 µM histidine. The curve was tail fitted to I = Fit = A0 + A1·e(-t/) + A2·e(-

t/) + A3·e(-t/) with a fitting range at least 5 times as long as the longest lifetime 

component (generally 10,000 ns range). The instrument response function obtained 

from a scattering solution has a FWHM of ca. 0.4 ns, and therefore doesn’t 

contribute significantly to the decay curve. The black curve is the experimental 

decay while the red curve is the fit. The number of exponentials used in the fit was 

decided from the minimization of goodness-of-fit and visual inspection of the decay 

curve and residuals. The minimum number of exponentials required to fit 

satisfactorily the data in Figure 4.3 were three. 
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Figure 4.6 Example of non-linear least square fitting. 

 

Table 4.1 Example of non-linear least square fitting results (corresponding to 

Figure 4.6). 

Fitting Equation Fit = A0 + A1·e(-t/τ1) + A2·e(-t/ τ2) + A3·e(-t/ τ3) 

Fitting Range From 0 to 10000 ns 

 Value / ns  Ai Value Std. Dev Rel % 

τ1  487 A1 2720 20 72.34 

τ2 1274 A2 291 6 24.24 

τ3 94 A3 670 20 3.42 
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  A0 0.574   

  χ2 1.020   

 
 

4.5. Supplementary spectra data 

Table 4.2 Time-decay titration of histidine (0 – 10 µM, 0.5 µM BSA) to 10 µM 

solution of probe 1 in PBS (three exponential fit). 

[His] (µM) 

A487 
(without 

BSA, 1= 
487 ns 
fixed) 
(error) 

A487 (with 

BSA, 1= 487 
ns fixed) 
(error) 

% (

error 

ns

error

% (

error 

ns

error
 
error

X2 

0 0 0 0 
895 
(5) 

74 
(1) 

150 
(2) 

25.5 
(0.6) 

1.235 

1 
714 
(2) 

670 
(10) 

62 
(2) 

1160 
(30) 

29 
(2) 

86 
(3) 

8.8 
(0.4) 

1.058 

2 
1410 

(3) 
1220 
(10) 

65 
(1) 

1180 
(20) 

28 
(1) 

86 
(3) 

6.3 
(0.3) 

1.079 

3 
2037 

(3) 
2250 
(20) 

71.0 
(0.8) 

1250 
(10) 

24.9 
(0.7) 

92 
(4) 

4.0 
(0.2) 

1.081 

4 
2708 

(4) 
2720 
(20) 

72.3 
(0.7) 

1270 
(10) 

24.2 
(0.6) 

94 
(5) 

3.4 
(0.2) 
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Figure 4.7 ESI-Mass Spectra of probe 1 in aqueous solution in the absence of 

histidine (top), in the presence of 0.5 equivalent of histidine (middle) and 1.2 

equivalent of histidine (bottom). Notice that the expected mass of 1 

(C26H28IrN2O2S2+) is 657.12 and 1-His (C28H27IrN5O2+) is 656.16. 
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Figure 4.8 Determination of the free histidine concentration from the A487 pre-

exponential factors obtained from a 20 µM solution of probe 1 in the presence 

(red points) and absence (black points) of 0.5 µM of BSA. 

 

Table 4.3 Time-decay titration of histidine (0 – 10 µM, 0.5 µM BSA) to 20 µM 

solution of probe 1 in PBS.  

[His] (µM) 

A487 (without 

BSA, 1= 487 
ns fixed) 
(error) 

A487 (with 

BSA, 1= 487 
ns fixed) 
(error) 

% (

error 

ns

error

% (

error 

ns

error


error
Χ2 

0 0 0 0 
820 
(6) 

75 
(1) 

125 
(2) 

25.4 
(0.6) 

1
1.189 

1 
703 
(2) 
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(10) 

72 
(2) 

1130 
(40) 

20 
(2) 

77 
(3) 
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(0.4) 

1
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2 
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(3) 
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Figure 4.9 Steady-state photoluminescence of 1 (10 µM) with different 

concentrations of histidine (0 – 8 µM) in PBS and in the presence of 1.5 µM of 

insulin. 

 

 

Figure 4.10 Determination of the free histidine concentration from the A487 

pre-exponential factors obtained from a 10 µM solution of probe 1 in the 

presence (red points) and absence (black points) of 1.5 µM of insulin. 
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Figure 4.11 Steady-state photoluminescence of 1 (10 µM) with different 

concentrations of histidine (0 – 10 µM) in PBS in the presence of 5 µM of 

lysozyme. 

 

Figure 4.12 Determination of the free histidine concentration from the A487 

pre-exponential factors obtained from a 10 µM solution of probe 1 in the 

presence (red points) and absence (black points) of 5 µM of lysozyme. 



  
 

117 
 

 

Figure 4.13 Steady-state spectra of 10 µM probe 2 with different 

concentrations of histidine (from 0 to 15 µM). 

 

 

Figure 4.14 Time-decay profiles of 10 µM probe 2 with different amounts of 

histidine (from 0 to 15 µM). 
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Figure 4.15 Calculated A613 values for 10 µM probe 2 with different amounts of 

histidine (from 0 to 15 µM).  

 

Figure 4.16 Steady-state spectra of 10 µM probe 3 with different amounts of 

histidine (from 0 to 15 µM). 
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Figure 4.17 Time-decay profiles of 10 µM probe 3 with different amounts of 

histidine (from 0 to 15 µM). 

 

 

Figure 4.18 Titration of histidine (0 – 15 µM) to 10 µM solution of probe 3 by 

using deconvoluted pre-exponential factor A487 as indicator (fixed lifetime  at 

487 ns). 
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Figure 4.19 Steady-state spectra of 10 µM probe 4 with different amounts of 

histidine (from 0 to 30 µM). 

 

 

Figure 4.20 Time-decay spectra of 10 µM probe 4 upon addition of different 

concentrations of histidine (from 0 to 30 µM). 
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Figure 4.21 Titration of histidine (0 – 30 µM) to 10 µM solution of probe 4 by 

using deconvoluted pre-exponential factor A567 as indicator (fixed lifetime  at 

567 ns). 
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Chapter 5 

Aqueous Dispersion and Excited State 

Interactions of Ruthenium 

Polypyridyl Metal Complexes with 

Carbon Nanotubes 

5.1. Introduction 

Carbon nanotubes (CNTs) are one-dimensional cylindrical structures of 

wrapped graphene sheets forming tubular structures. Single walled carbon 

nanotubes (SWCNTs) are formed by one of these rolled sheet, while multi-walled 

carbon nanotubes (MWCNTs) contain multiple graphene sheets folded forming 

concentric tubes of different sizes.207 Specifically, SWCNTs have been focus of 

intense research with application in solar cells,208,209 electronic devices,210,211 

transparent conductive films,212,213 strong conductive fibers, hydrogen storage,214 

and water splitting,215 among others. However, as-synthesized SWCNTs form 
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aggregated bundles due to strong intertube van der Waals attractions.216 Bulk 

bundled nanotubes require to be individualized in order to fully exploit their 

mechanical, electronic and optical properties.135,217-219 A general approach to 

debundle carbon nanotubes is introducing repulsive interaction between the tubes 

to counterbalance the short-range attraction. To date, a variety of approaches have 

been developed for the purpose of carbon nanotube individualization and most of 

them can be simply divided into two categories, covalent functionalization,220,221 and 

non-covalent dispersion.135,222,223  

While covalent functionalization is an attractive and effective technique for 

attaching functional groups to the carbon nanotubes sidewalls, which in turns helps 

in their dispersion in different solvents, the process involves the chemical 

modification of the carbon nanotube surface. For example, the conversion of sp2 

carbons to sp3 carbon leads to the destruction of the extended π-system and 

therefore to changes in their electronic properties.208 On the other hand, non-

covalent interactions with molecules such as surfactants, which contain 

hydrophobic and hydrophilic domains, keep the carbon backbone intact and 

preserve the electronic properties of SWCNTs. The presence of intact delocalized π-

electron systems make them important candidate for investigating electron transfer 

reaction from photoexcited electron donors.217 

 Our group has previously reported the use of ruthenium polypyridyl 

complex with extended π-systems such as [Ru(bpy)2(dppz)]2+ (bpy = 2,2’-

bipyridine; dppz = dipyrido[3,2-a:2’.3’-c]-phenazine) for non-covalent dispersion 
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SWCNTs in aqueous media.135 Although high concentration of SWCNTs can be 

dispersed in aqueous solution using [Ru(bpy)2(dppz)]2+, this complex has a low 

photoluminescence quantum yield in water. In this study, we synthesized two 

ruthenium complex containing a pyrene anchoring group (see Scheme 5.1). These 

complexes are photoluminescent in water and have long lived photoluminescent 

lifetimes (ms time scale).224 Weak intermolecular π-stacking interaction between 

the nanotube sidewall and pyrene is responsible for physisorption of pyrene onto 

the nanotubes. Non-covalent functionalization with pyrene derivatives not only 

keeps the nanotube electronic structure intact, but also its easy modification allows 

the attachment of a variety of molecules to carbon nanotubes.208,225-229 In this 

chapter, we demonstrate that ruthenium complexes containing pyrene-anchoring 

groups can efficiently disperse SWCNT in water. Using different spectroscopic 

techniques we will also demonstrate that excited state interactions occur between 

the ruthenium complexes and the SWCNTs in aqueous solution.  

5.2. Results and discussion 
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Scheme 1. a) Schematic structure of RuPy 1 and 2; b) pictorial illustration of 

the interactions of RuPy 1 and 2 with SWCNTs. 

Ruthenium complexes RuPy 1 and 2 were synthesized by multi-step 

reactions, followed by ion exchange of the hexafluorophosphate salts with water 

soluble chloride anions (see 5.3 Experimental Section for details). The structures of 

RuPy 1 and 2 are presented in Scheme 5.1. The difference between RuPy 1 and 2 is 

the linker between the phenanthroline and the pyrene, which for RuPy 1 is an 

alkyne group while for RuPy 2 is an alkane group.  

The absorption and photoluminescence spectra of RuPy 1 and 2 were 

studied in nitrogen purged aqueous solution (Figure 5.1). The UV-vis spectra of 

RuPy 1 exhibits a broad absorption band with maximum at 420 nm, which 

possesses MLCT and IL character, and bands at 285 nm and 235 nm that correspond 

to ligand-centered transitions (based on a similar complex).230 RuPy 2 shows an 

MLCT band peaked at 452 nm, also with distinguishable LC bands at higher 

energies. The reduction of acetylene group linking the phenanthroline and pyrene 

(phenpy) breaks the large conjugated structure of the ligand and restores the 

typical shape of the MLCT common of polypyridyl ruthenium complexes.231 

Compared with RuPy 1, RuPy 2 has extra bands around 340 nm, which resemble 

those of pyrene and arise likely due to the lost of conjugation upon reduction of the 

alkyne group.232 The RuPy 2 shows emission at 615 nm consistent with the 

photoluminescence of [Ru(bpy)3]2+ in water and photoluminescence lifetime of ca. 

6.6 µs (Table 5.1). This emission lifetime is larger than the lifetime for [Ru(bpy)3]2+ 
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which is consistent with a triplet-triplet excited state equilibrium between the 

3MLCT and pyrene centered 3IL states.219,230 The existence of a large electron 

delocalization in the phenpy ligand of RuPy 1 produces a structured red-shifted 

emission with maximum at 680 nm. Interestingly, its emission lifetime in water 

reaches to 660 µs. This phenomenon can be attributed to emission from 3IL/3LLCT 

excited states based on a similar complex.219,230  

Table 5.1 Photophysical properties of RuPy 1 and 2 complexes 

 λabs/nm λem/nm ε/M-1cm-1 /µs 

RuPy 1 419 628,679,744 33407 660.51a 

RuPy 2 452 616 16009 6.59b 

a. Results was obtained in deaerated aqueous solution using µF 920H lamp with excitation at 

420 nm and Un-Cooled Blue as detector for RuPy 1. The reported value is the average 

lifetime; the lifetime distribution of RuPy 1 are 730.27 µs (90.18%), 34.76 µs (6.71%), 1.71 

µs (3.11%). 

b. Results was obtained in deaerated aqueous solution using a 440 nm picosecond pulse diode 

laser and a high speed red detector for RuPy 2. The value reported is the average lifetime, 

the lifetime distributions of RuPy 2 are 7015.84 ns (93.30%), 760.75 ns (6.70%). 
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Figure 5.1 Normalized UV-vis absorbance (solid line) and steady-state 

photoluminescence spectra (dashed lines) of RuPy 1 (black line) and 2 (red 

line) in N2 purged aqueous solution. 

HiPco SWCNTs were dispersed in water using a 1 mg mL-1 aqueous solution 

of either RuPy 1 or 2 and different initial amounts of HiPco SWCNTs. The resulting 

dispersions were tip sonicated following by centrifugation to remove unsuspended 

particulate. The resulting supernatant was collected to give RuPy/HiPco 

composites. Composites of RuPy with CoMoCat SWCNTs were prepared by the same 

procedure. The absorption spectra of HiPco SWCNTs dispersed with RuPy 1 are 

shown in Figure 5.2 (data for CoMoCat composites can be found in Figure 5.3). As 

was evident from Figure 5.1, there is no absorption peaks observed for RuPy 1 

above 550 nm. On the contrary, for RuPy 1/HiPco composites, an increase in the 

baseline after 550 nm can be observed (Figure 5.2a), which show typical SWCNT 

van Hove transitions. It can be observed from Figure 5.2a that the absorbance band 



  
 

132 
 

at 420 nm decreases as the initial concentration of SWCNT increases, which implies 

the decrease of the RuPy 1 concentration in solution. This phenomenon is 

attributed to the attachment of RuPy 1 to the undispersed HiPco nanotubes after tip 

sonication and centrifugation. By analysis of Figure 5.2a, we concluded that the 

optimum (most concentrated) dispersion of SWCNTs occur at an initial nanotube 

concentration of 2 mg mL-1. Similar dispersion results can be obtained for CoMoCat 

nanotubes (Figure 5.3a).  

 

Figure 5.2 UV-Vis absorption spectra of RuPy 1/HiPco SWCNT composites in 

aqueous solution before (a) and after (b) dialysis for 16 hours using nominal 

2000 MW membrane. Dispersion solutions were prepared by 1mg mL-1 RuPy 1 

with initial concentration of HiPco 0 mg mL-1 (black line), 1 mg mL-1 (red line), 

2 mg mL-1 (blue line) and 3 mg mL-1 (cyan line), respectively (40x dilution 

before taking the spectra); c) Visible-NIR absorption spectra of RuPy 1 and 

HiPco SWCNT composites in aqueous solution (5x dilution before taking the 

spectra). d) Comparison of NIR-photoluminescence spectra of HiPco SWCNTs 

dispersed in RuPy 1 aqueous solution and SDS surfactants.  
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Figure 5.3 UV-Vis absorption spectra of RuPy 1 and CoMoCat SWCNT 

composites in aqueous solution before (a) and after (b) dialysis for 16 hours 

using nominal 2000 MW membrane. Dispersion solutions were prepared by 

1mg mL-1 RuPy 1 with initial concentration of HiPco 0 mg mL-1 (black line), 1 

mg mL-1 (red line), 2 mg mL-1 (blue line) and 3 mg mL-1 (cyan line), 

respectively (40x dilution before taking the spectra). 

In order to study dispersed SWCNTs with minimum interference from free 

RuPy the solutions were dialyzed using nominal 2000 MW membranes. The UV-Vis 

spectra of the suspensions (Figure 5.2b and 5.3b) show a reduced amount of 

ruthenium complex, indicating that most of the free ruthenium complexes in 

solution were removed. The NIR absorbance spectra of HiPco SWCNTs show more 

clearly the van-Hove singularities, which are a sign of SWCNT individualization and 

also confirm the 2 mg mL-1 optimum initial concentration of SWCNTs (Figure 5.2c). 

This also confirms dialysis as a good approach of removing free dispersing agent 

when compared with traditional re-suspension strategy217. In solutions of the 

concentrations used in Figure 5.2, if the dialysis goes for more than 24 hours, the 

dispersions will crash out slowly, however if stopped before this time the 

dispersions are stable for several days. It is also important to note that the ratio of 
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absorbance at 420 nm to 660 nm is almost constant, which suggest that the ratio of 

RuPy 1/SWCNTs is also constant in all the solutions.  

The individualization of SWCNTs is better probed by NIR photoluminescence 

of the SWCNTs dispersion. Individual semiconducting nanotubes has narrow 

emission peak whereas bundled SWCNTs have quenched emission due to energy 

transfer to metallic nanotubes in the bundle.233 Figure 5.2d shows NIR 

photoluminescence of SWCNTs dispersed by RuPy 1 aqueous solution and in 

sodium dodecyl sulfate (SDS) (λexc = 642 nm and 659 nm). The presence of narrow 

peaks in Near-IR region proves individualization of nanotubes. Large red-shift (~30 

nm) in emission maxima were observed in RuPy 1/HiPco system when compared 

with SDS/HiPco composites. This is probably due to π-π stacking between the 

sidewalls of the nanotubes and pyrene group of RuPy 1.135 Contour plots of the 

photoluminescence of dispersions of SWCNTs with RuPy 1 and 2 at different 

excitations are provided in Figure 5.4. 
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Figure 5.4 Photoluminescence of dispersions of SWCNTs with RuPy 1 (a) and 2 

(b) at different excitations. 

Debundling of SWCNTs was further confirmed by microscopic techniques. 

Figure 5.5a shows representative AFM images of RuPy 1/HiPco composites 

deposited on mica. The average height of tubes was estimated at around 2.1 nm, 

which corresponds to the diameter of individual or mostly debundled HiPco 

SWCNTs covered with metal complexes. The morphology of RuPy 1/HiPco 

composites were further visualized by TEM (Figure 5.5b). The TEM image shows 

two to three individual SWCNTs wrapped with an amorphous component, which 

suggests the attachment of RuPy 1 complexes on the surface of SWCNTs. 

 

Figure 5.5 (a) Representative AFM image of spin coated RuPy 1/HiPco 

composites on mica and (b) TEM of RuPy 1/HiPco composites in fomvar grid. 

To probe excited state interactions we first used steady-state 

photoluminescence spectra. The photoluminescence of RuPy1 decreases by 98%, 

when used to disperse HiPco SWCNTs. Photoluminescence lifetime of RuPy1 also 
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shows a large decrease from 665 to 382 µs (see, table 5.2). A short component out of 

the resolution of the instrumentation was observed. The changes in the 

photoluminescence intensity and lifetime indicate a communication between the 

SWCNTs and the ruthenium complexes in the excited state, which could be due to 

photoinduced electron transfer reaction from the ruthenium center to the carbon 

nanotubes. 

Table 5.2 Lifetime of 1mgmL-1 RuPy 1 complexes with different concentration 

of HiPco SWCNTs in deaerated water solution before and after dialysis. 

 Lifetime/µs 
Initial HiPco Conc. Before Dialyais After Dialysis 

0 mgmL-1 665.07 
 734.58 (90.18%) 

38.56 (6.65%) 
1.84 (3.17%) 

1 mgmL-1 615.98 532.56 
 665.57 (92.20%) 

37.77 (6.08%) 
1.90 (1.72%) 

605.43 (87.83%) 
12.93 (5.67%) 
1.28 (6.50%) 

2 mgmL-1 760.68 382.79 
 826.70 (91.65%) 

42.46 (7.02%) 
1.99 (1.33%) 

442.11 (86.36%) 
16.77 (4.96%) 
1.76 (8.68%) 

3 mgmL-1 792.63 513.68 
 870.87 (90.59%) 

44.81 (8.22%) 
2.44 (1.19%) 

599.28 (85.54%) 
13.54 (7.05%) 
1.41 (7.40%) 

 

To further investigate the interaction between RuPy 1 and SWCNTs, the 

HiPco photoluminescence was record with an excitation at 642 nm. For comparison, 

HiPco SWCNTs were suspended in aqueous solution using 1% 
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hexadecyltrimethylammonium bromide (CTAB, a positive-changed surfactant) by 

the same procedure and the resulting suspension solution was diluted according to 

the UV-Vis absorbance at 642 nm, to provide same SWCNTs concentration in water 

as that of RuPy 1/HiPco composites (Figure 5.6). The NIR photoluminescence of 

SWCNTs was quenched more than 70% by the RuPy 1 accompanied with a 30 nm 

red-shift in emission maxima as we discussed before. Since all the free RuPy 1 was 

effectively removed by our dialysis approach, the result gives a powerful evidence 

for the interaction between RuPy 1 and SWCNTs in RuPy 1/HiPco composites. 

 

Figure 5.6 UV-vis absorbance and NIR fluorescence spectra of CTAB/HiPco 

(black line) and RuPy 1/HiPco (red line) in aqueous solution (same 

concentration of HiPco in water). 

To explore the nature of the interaction between ruthenium complexes and 

SWCNTs, we performed transient absorption experiments. Transient absorption 
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experiments of RuPy 1 show bleach of the MLCT that recovers with a biexponential 

lifetime of 6.2 and 90.5 ps (Figure 5.7) This bleach is accompanied by the emergence 

of positive bands with maxima at 439 and 510 nm. The 510 nm band decays with a 

long lifetime of 6.2 s, which are likely to come from LC/ILCT states.230 The 

differential absorption spectra from RuPy2 is similar to RuPy1, however the 

recovery of the MLCT bleaching is longer with a lifetime of 81.8 and 698.7 ps (Figure 

5.8). The 510 nm band for RuPy 2 have a lifetime of 4.2 s and a negative band at 

~625 nm (which was not present of RuPy 1) which can be attributed to 

photoluminescence.  

 

Figure 5.7. Differential absorption spectra (visible and infrared) obtained 

upon femtosecond pump probe experiments (387nm) of RuPy1 in D2O.  
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Figure 5.8  Differential absorption spectra (visible and infrared) obtained 

upon femtosecond pump probe experiments (387nm) of RuPy2 in D2O.  

The transient absorption spectra for HiPco SWCNTs dispersed by SDBS are 

shown in Figure 5.9a. Negative differential bands can be observed at 979, 1022, 

1121, and 1265 nm, which can be assigned to bleaching of the ground state of (6, 5), 

(7, 5), (7, 6) and (8, 7) respectively.  Exponential fit showed dynamics in the 

picosecond range of ~2.8 and ~45 ps.  In comparison, the minima in RuPy 1/HiPco 

are red shifted to 1000 nm, 1050 nm (not prominent), 1157 nm, and 1298 nm, with 

slightly elongated lifetimes of ~3 and 50 ps (Figure 5.9c). We have not observed any 

significant changes in bi-exponential lifetimes in excited state decay profile of HiPco 

SWCNTs as compared to SDBS dispersion. For RuPy 2/HiPco, the minima are red 

shifted to 1005 nm, 1055 nm, 1151 nm, and 1300 nm, with lifetimes as detailed in 

Table 5.3, Section 5.4 Supplementary data (Figure 5.9d). 
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Figure 5.9 Differential absorption spectra (visible and infrared) obtained 

upon femtosecond pump probe experiments (387nm) of (a) HiPco/SDBS in 

D2O, (b) Time absorption profile of the spectra shown in (a)  at 979nm, (c) 

HiPco/RuPy 1 in D2O, and (d) HiPco/RuPy 2 in D2O. 

  

CoMocat SWCNT/SDBS was also characterized using transient absorption 

spectroscopy.  The advantage of using CoMocat SWCNT is that they are enriched in 

(6,5) nanotubes, allowing to obtain cleaner signals in the transient absorption 

experiment. Figure 5.10 shows transient absorption minima at 979 and 1135 nm in 

the near-infrared range corresponding to (6,5) enriched nanotubes dispersed in 

SDBS/D2O. The ground state bleaching can fitted with three major components 0.87, 

28.7, and 154.5 ps at 979 nm. Notably, transient maxima appear at 485, 532, 615, 
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895, 930, 1080, 1236, and 1361 nm as reported in previous literature.223 We further 

noted the longest decay lifetime gets reduced to 103.4 ps, and 90.2 ps in RuPy 

1/CoMocat and RuPy 2/CoMocat respectively, which is an indication of electronic 

interactions in excited state. In order to identify any new bands due to charge 

transfer interactions, we performed photoelectrochemistry of RuPy1 and 2. 

Unfortunately, the differential absorption bands seen at different reduction 

potentials resemble those of the transient absorption experiments of the complexes 

in solution with no nanotubes. Therefore, although steady-state and time-resolved 

photoluminescence and transient absorption experiment have shown that there are 

electronic interactions between the ruthenium complexes used in these 

experiments and SWCNTs, currently we cannot distinguish whether these are 

charge transfer or energy transfer interactions. 
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Figure 5.10 Differential absorption spectra (visible and infrared) obtained 

upon femtosecond pump probe experiments (387nm) of (a) CoMocat/SDBS in 

D2O, (b) Time absorption profile of the spectra shown in (a)  at 979nm, (c) 

CoMocat/RuPy 1 in D2O, and (d) CoMocat/RuPy 2 in D2O. 

In this chapter, we have reported on ruthenium complexes capable of 

dispersing SWCNTs in solution. SWCNT photoluminescence and microscopy suggest 

a great degree of individualization in the dispersions. Upon binding to SWCNTs, the 

photoluminescence of the ruthenium complexes decrease by 98%, and their lifetime 

decrease from 665  to 383 µs. Transient absorption experiments show red shifts in 

the bands associated with SWCNTs, as well as decrease lifetimes when bound to 

ruthenium complexes in comparison to SDBS. These experiments have 
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demonstrated that there are important interactions between the excited ruthenium 

complexes and carbon nanotubes however more experiments are still needed to 

address the nature of these interactions. 

5.3. Experimental section 

Synthesis of compound 1 (5-bromo-1,10-phenanthroline). This 

compound was synthesized based on literature methods.234 A 2.4 g of 1,10-

phenanthroline was placed in a heavy wall glass reaction tube with a Teflon screw 

top fitted with a Viton-O-ring. The reaction vessel was placed in an ice bath, and 

8mL of oleum (18%) and 0.4 mL of bromine were added. The reaction tube was 

placed in a silicon oil bath, and the temperature was slowly raised to 135 C. After 

24 hrs, the reaction mixture was cooled to room temperature, poured over ice, and 

neutralized with ammonium hydroxide. The mixture was extracted with chloroform. 

The red extracts were stirred with charcoal and then dried over sodium sulfate. The 

crude product was recrystallized from hot diethyl ether with a little amount of 

dichloromethane. 1H NMR (400 MHz, CDCl3) δ (ppm) 9.214 (t, J = 4.8, 2H), 8.675 (d, J 

= 8.4, 1H), 8.184 (d, J = 8.0, 1H), 8.150 (s, 1H), 7.750 (dd, J = 4.4, 1H), 7.652 (dd, J = 

4.4, 1H). 

Synthesis of compound 2. This compound was synthesized based on 

literature methods.162 The mixture solution of cis-dichlorobis(2,2'-

bipyridine)ruthenium(II) hydrate (0.260 g) and compound 1 (0.130 mg) was heated 

to reflux for 2 hours. After that, it was cooled down to room temperature and 150 



  
 

144 
 

mg of potassium hexafluorophosphate were added. The mixture solvent was 

removed by rotovap and the crude product was purified by column 

choromatography in 75% yield.  1H NMR (400 MHz, CD3CN) δ (ppm) 8.742 (d, J = 

8.4, 1H), 8.742 (d, J = 8.4, 1H), 8.602 – 8.538 (overlapping m, 6H), 8.202 (dd, J = 6.8, 

2H), 8.116 (t, J = 8.0, 2H), 8.024 (t, J = 8.4, 2H), 7.903 (m, 2H), 7.850 (dd, J = 5.2, 1H), 

7.781 (dd, J = 5.2, 1H), 7.610 (m, 2H), 7.489 (t, J = 6.4, 2H), 7.280 (m,, 2H). ESI-MS: 

m/e 817.0 (M - PF6-), 337.0 ([M - 2PF6-]/2). 

Synthesis of compound 3. This compound was synthesized based on 

literature methods.235 A mixture of 1-bromopyrene (560 mg), Pd(PPh3)2Cl2 (175 

mg), CuI (50 mg) and piperidine (4 mL) in 30 mL triethylamine was bubbled with 

nitrogen for 20 minutes. Then the trimethylsilyacetylene was added and the 

resulting solution was heated at 110 oC overnight under nitrogen protection. The 

volatile was evaporated by rotovap and the residue was subjected to a column 

chromatography on silica gel, eluting with hexane to yield a yellow crystalline 

product. 1H NMR (400 MHz, CDCl3) δ (ppm) 8.567 (d, J = 9.2, 1H), 8.228 – 8.002 

(overlapping m, 8H), 0.395 (s, 9H). 

Synthesis of compound 4. This compound was synthesized based on 

literature methods.235 The mixture solution of compound 3 (300 mg) and potassium 

bicarbonate (690 mg) was stirred at room temperature for one hour and then the 

solvent was removed and the crude compound was further purified by column 

chromatography on silica gel, eluting with hexane and dichloromethane mixture 
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(v/v, 10/1). Since compound 4 is oxygen and light sensitive, it was used directly for 

next step without any storage. 

Synthesis of compound RuPy 1. This compound was synthesized based on 

literature methods.230 Compound 2 (100mg), compound 4 (46 mg), Pd(PPh3)2Cl2 

(35 mg) and CuI (9.8 mg) were added to a 50 mL round bottom flask. Then 2-hour 

Nitrogen purged DMF and HN(i-Pr)2 mixture (10mL, v/v, 3/2) was added as solvent. 

The solution was stirred under nitrogen protection at room temperature for 24 

hours. After that the mixture was filtered and filtrate was concentrated under 

reduced pressure. The crude compound was further purified by column 

chromatography on silica gel with acetonitrile and dichloromethane mixture (v/v, 

1/4) as eluent. 1H NMR (400 MHz, CD3CN) δ (ppm) 8.799 (d, J = 8.0, 1H), 8.552 (m, 

4H), 8.458 (d, J = 8.8, 1H), 8.366 (d, J = 8.4, 1H), 8.210 – 8.003 (overlapping m, 10H), 

7.939 (d, J = 7.6, 1H), 7.900 (d, J = 7.2, 2H), 7.840 (s, 2H), 7.799 (t, J = 7.6, 1H), 7.767 

(m, 1H), 7.696 (dd, J = 8.0, 2H), 7.625 (m, 2H), 7.500 (t, J = 7.2, 2H), 7.345 (t, J = 6.8, 

1H), 7.294 (t, J = 6.8, 1H). ESI-MS: m/e 963.1 (M - PF6-), 409.1 ([M - 2PF6-]/2). High-

Resolution MS: m/e 963.1379 (M - PF6-), 409.0868 ([M - 2PF6-]/2). 
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Scheme 5.2 Synthesis route of complex RuPy 1. 

Synthesis of compound RuPy 2 RuPy 1 (100 mg) and Pd/C (20 mg) as 

catalyst were added to a 100 mL three-necked round bottom flask in a hydrogen 

atmosphere. Then, 2-hour purged ethanol and acetonitrile mixture solvent (v/v, 

1/4) was added to the flask. The solution was stirred at room temperature for 24 

hours under hydrogen. After that, the solid was removed by filtration twice and the 

filtrate was collected by removing the solvent under reduced pressure. The product 

was used directly for measurement.  1H NMR (400 MHz, (CD3)2CO) δ (ppm) 8.884 (d, 

J = 8.4, 1H), 8.819 (d, J = 8.0, 2H), 8.787 (d, J = 8.0, 2H), 8.607 (d, J = 8.4, 1H), 8.426 

(d, J = 9.6, 1H), 8.355 (q, 2H), 8.270 – 8.023 (overlapping m, 14H), 7.937 (d, J = 8.0, 

1H), 7.844 (m, 3H), 7.900 (q, 1H), 7.617 (t, J = 7.2, 2H), 7.412 (m, 2H), 1.386 (t, J = 

7.2, 2H), 1.133 (t, J = 7.2, 2H). ESI-MS: m/e 967.1 (M - PF6-), 411.1 ([M - 2PF6-]/2). 

 

Scheme 5.3 Synthesis route of complex RuPy 2. 

Ionic exchange of RuPy 1(2PF6-) to RuPy 1(2Cl-). 100mg RuPy 1(2PF6-) 

were dissolved in a minimum amount of acetone and then a saturated solution of 
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tetra-n-butyl ammonium chloride (TABCl) in acetone was added to the solution. The 

orange precipitate was filtered and washed with ethyl acetate. The RuPy 2(2PF6-) 

ionic exchange was done by the same procedure. 

Dispersion of SWCNTs Raw SWCNTs were purified as reported 

elsewhere.218,236 Different amounts of purified HiPco (Batch # 195.1), CoMocat 

(Sigma-Aldrich) SWCNTs were weighed in separate vials, followed by addition of 

1mg ml-1 RuPy 1 aqueous solution to give different initial concentration of nanotube 

solution. The resultant mixture was sonicated by a probe sonicator (Sartorius, 

LABSONIC®  M) for 30 minutes and then centrifuged (VWR centrifugator) for 45 

minutes at 12000 g. Supernatant was collected carefully and diluted for further 

analysis.   

Free Dispersing Agent Dialysis The dialysis experiments were performed 

using Nominal MWCO 2000 membranes (Cellu Sep H1 and part # 5-0250-28). 3 mL 

of high-concentration dispersed nanotubes solution was added to the dialysis 

membrane. Both sides of the membrane were sealed by a dialysis tubing clip to give 

a close bag. The membrane bag was stirred gently in HPLC grade water, which was 

changed every 8 hour. After 24 hours, the RuPy 1/nanotube composites solution 

was moved out from the dialysis membrane and centrifuged again for 45 minutes at 

12000 g. The supernatant was collected as dialyzed sample for test.  

AFM and TEM Sample Preparation. For AFM  sample preparation (Digital 

instrument nanoscope), RuPy 1/SWCNT composites (HiPco and CoMocat) solution 
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was diluted 10 times and 10 μL of solution was drop casted on freshly cleaved mica 

and spin coated at 4000 rpm for 15 minutes. During spinning, the sample was 

washed with 4-5 drops of methanol to remove excess Ru-complexes. To prepare the 

TEM sample, diluted RuPy 1/SWCNT composite solutions were drop casted on 

lacey carbon grid and dried overnight. A Jeol 2100 field emission gun (FEG) TEM 

was used to visualize the nanotubes. 

5.4. Supplementary data 

 

Figure 5.11 Representative TEM images of HiPco carbon nanotubes dispersed 

in RuPy 1 aqueous solution. 
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Figure 5.12 Representative TEM images of CoMoCat carbon nanotubes 

dispersed in RuPy 1 aqueous solution. 

 

Figure 5.13 Representative AFM images of Comocat carbon nanotubes 

dispersed in RuPy 1 aqueous solution. 

 

Figure 5.14 Diameter distribution of CoMocat carbon nanotubes dispersed by 

RuPy1. 



  
 

150 
 

 

Table 5.3 Lifetime of ground state bleaching of chirally assigned HiPco 

SWCNTs obtained from femto-second pump probe experiments in case SDBS, 

RuPy 1, and RuPy 2 dispersion in deaerated D2O. 

 Wavelength (nm) t1  (ps) t2 (ps) 

HiPco/SDBS 979 (6, 5) 2.8 40.6 

1121 (7, 6) 2.9 47.6 

1265 (8, 7) 1.5 36.2 

HiPco/RuPy 1 
(2nd enrichment) 

1000 3.5 51.2 

1156 3.1 49.5 

1298 1.99 36.1 

HiPco/ RuPy 2 
(1st  enrichment) 

1000 2.4 38.3 

1051 3.0 39.8 

1149 3.4 47.3 

1298 3.1 53.2 

 

Table 5.4 Lifetime of ground state bleaching of MLCT (at 454 nm) obtained 

from femto-second pump probe experiments for RuPy 2 complexes with 

CoMoCat  and HiPco SWCNTs (with two consequential enrichment) dispersed 

in nitrogen purged D2O. 
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 t1  (ps) t2 (ps) 

RuPy2  81.8  698.7  

RuPy2/CoMocat_1stenrichment 47.9  627.9  

RuPy2/CoMocat_2ndenrichment 62.0  660.9  

RuPy2/HiPco_1stenrichment 46.9  607.7  

RuPy2/HiPco_2ndenrichment 53.7 659.4  
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