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ABSTRACT 

Alaranta, Johanna  
Synthesis of monomethine cyanine dyes and gold nanoclusters and their 
applications as fluorescent probes. 
Jyväskylä: University of Jyväskylä, 2024, 67 p. + original pages 
(JYU Dissertations 
ISSN 2489-9003; 766) 
ISBN 978-952-86-0101-2 (PDF) 

This thesis focuses on monomethine cyanine dyes, their synthesis and 
applications as fluorescent probes in nucleic acid detection. Gold nanoclusters 
and fluorescent probe complexes were also discussed as a possible interface of 
the two materials. The literature review of cyanine dyes focused on the synthetic 
aspects of the dyes and how it has been developed throughout the years. The 
interaction with nucleic acids is discussed along with the different applications it 
allows. Some examples of applications without nucleic acids are also included. 
In the experimental part, novel monomethine cyanine dyes were synthesized 
with a series of structural modifications aimed to improve the photophysical 
qualities, such as the brightness of the dyes. The characterization of the dyes was 
an important task to ensure the product was correct and pure for the absorption 
and fluorescence measurements. Mass spectrometry had a crucial role in 
ensuring the purity of the ionic products, as it made the first assessment of the 
product structure possible with only a glimpse. NMR was used to confirm the 
assumptions made with mass data. However, neither of these methods give 
information about the absolute structure and packing of the molecules in a solid 
state; hence, X-ray diffraction was used to obtain the single crystal structures for 
selected dyes. The single crystal structures also made molecular modeling 
possible to better understand the interactions between the studied dyes and DNA. 

Gold nanoclusters were a smaller, yet important part of the thesis since new 
information about synthesizing gold nanocluster and fluorescent probe 
complexes and their behavior was gained, providing important knowledge for 
future applications. The literature review of gold nanoclusters focused on their 
synthesis and applications with fluorescent probes. Since the complex of these 
materials is still quite new, only a few examples of studies by other groups were 
found. In the experimental part, the synthesis of one gold nanocluster is 
discussed and the pH dependent fluorescence of the cluster-probe complex in a 
solution. These results are promising as the complex of cyanine dye and gold 
nanocluster has been discussed as a completely new type of tool to be used in 
biological applications.  

Keywords: cyanine dye, nucleic acid, photophysics, gold nanocluster, 
fluorescence. 



TIIVISTELMÄ (ABSTRACT IN FINNISH) 

Alaranta, Johanna  
Monometeeni syaniiniväriaineiden ja kultananoklustereiden synteesi ja käyttö fluo-
resoivina koettimina.  
Jyväskylä: Jyväskylän yliopisto, 2024, 67 s. + alkuperäiset artikkelit 
(JYU Dissertations 
ISSN 2489-9003; 766) 
ISBN 978-952-86-0101-2 (PDF) 

Tämä opinnäytetyö keskittyy monometeeni syaniiniväriaineisiin, niiden synteesiin 
ja käyttöön fluoresoivina koettimina nukleiinihappojen kuvantamisessa. Kulta-
nanoklustereiden ja fluoresoivien koettimien komplekseja käsiteltiin myös mahdol-
lisena rajapintana näiden kahden materiaalin välillä. Syaniiniväriaineiden kirjalli-
suuskatsaus keskittyi väriaineiden synteesin ja siihen, miten sitä on kehitetty vuo-
sien varrella. Työssä käydään myös läpi värien ja nukeleiinihappojen vuorovaiku-
tusta ja mitä sovelluksia se mahdollistaa. Lisäksi esitellään esimerkkejä käyttökoh-
teista ilman nukleiinihappoja. Kokeellisessa osassa syntetisoitiin uusia monometeeni 
syaniiniväriaineita erilaisilla rakenteellisilla muutoksilla, joiden tavoitteena oli pa-
rantaa väriaineiden fotofysikaalisia ominaisuuksia, kuten kirkkautta. Syntetisoitujen 
väriaineiden karakterisointi oli erittäin tärkeässä roolissa koko työn läpi, koska sen 
avulla paitsi varmistettiin tuotteen olevan se, mitä tavoiteltiin, sekä se, että saatu vä-
riaine oli puhdasta absorptio ja fluoresenssi mittauksiin. Etenkin massaspektromet-
rialla oli tärkeä rooli ionisten tuotteiden puhtauden varmistamisessa, ja se mahdol-
listi arvion synteesin onnistumisesta ja tuotteen puhtaudesta heti mittauksen yhtey-
dessä. NMR:ää käytettiin vahvistamaan massaspektrometrimittausten perusteella 
tehty ensiarvio. Nämä edellä mainitut menetelmät eivät kuitenkaan anna tietoa mo-
lekyylin tarkasta rakenteesta ja pakkautumisesta. Siksi kiinteässä tilassa mitattavat 
röntgendiffraktio yksittäiskiteiden rakenteet antavat tärkeää tietoa tuotteen raken-
teesta, mitä muilla menetelmillä ei voida saada. Kiderakenteet mahdollistivat myös 
molekyylimallinnuksen, minkä avulla voitiin entistä paremmin ymmärtää tutkittu-
jen väriaineiden ja DNA:n välisiä vuorovaikutuksia. 

Kultananoklusterit olivat työssä pienempi osa, mutta sen avulla saatiin tärkeää 
tietoa kultananklustereiden ja fluoresoivan väriaineen kompleksin syntetisoimisesta 
ja käytöstä, ja kirjallisuuskatsaus keskittyi niiden synteesiin ja sovelluksiin fluore-
soivien koettimien kanssa. Koska näiden kahden edellä mainitun materiaalin komp-
leksi on vielä melko uusi innovaatio, esimerkkejä muiden tutkijoiden tekemistä tut-
kimuksista löytyi vain muutama. Kokeellisessa osassa esitellään yhden kulta-
nanoklusterin synteesi ja käydään läpi tämän kultananoklusterin ja fluoresoivan ko-
ettimien muodostaman kompleksin kykyä mitata liuoksen pH:ta. Saadut tulokset 
olivat varsin lupaavia, koska syaniiniväriaineen ja kultananoklusterin muodosta-
man kompleksin käyttäminen biologisissa sovelluksissa voisi olla täysin uudenlai-
nen työkalu tulevaisuudessa. 

Avainsanat: syaniiniväriaine, nukleiinihappo, fotofysiikka, kultananoklusteri, 
fluoresenssi.  
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13 

1 INTRODUCTION 

Throughout human history, people have been fascinated by colors. Since the 
stone age, many methods have been used to extract colors from nature, such as 
minerals, plants, and insects, to be used in art and day-to-day life, for example, 
as paints and textile colors. Since the discovery of synthetic colorants in the 1700s, 
the production of synthetic dyes and pigments have bloomed drastically.1  
Colorants, dyes, and pigments are more common than one might think when 
they first hear the name. Dyes and pigments are molecules bearing colors, 
meaning that they can absorb light at a visible range. Dyes are soluble in water 
or organic solvents, making them distinctly different from pigments, which are 
insoluble in the media they are used. Dyes are able to bind with materials, and in 
most cases, they have an affinity to specific materials, such as nucleic acids. While 
pigments do not have the same affinity towards the material, they have strong 
interactions within themselves, preventing the solvation. Pigments are common 
in paints and cosmetics, while dyes are more common in the textile and food 
industry.2 Cyanine dyes are a class of organic dyes with various applications, 
ranging from the textile and photographic industries to optical recording media 
to anti-cancer agents and fluorescent probes for a range of biological targets, such 
as DNA and RNA.3 

Gold has a long history, as it has been used as decorations, jewelry, idols, 
and money for over 6,000 years. The beauty of this rare metal has intrigued 
people and even caused some violence.4 Beyond its beauty, gold has unique 
properties as a metal; it is easy to shape, it does not easily react with most metals 
or chemicals,5 and it has also been used as medicine.6 Unsurprisingly, gold has 
been vigorously studied by researchers throughout history. From certain 
industries to nanotechnology, gold has a key role in a wide range of applications.7 

This thesis includes a study in the heart of nanoscience. It brings together 
chemistry, biology, and physics to vigilantly research the structural differences 
in cyanine dyes and the effects of these structural modifications on the 
photophysical qualities and biological activity. Including gold nanoclusters and 
combining them with fluorescent probes is a new and exciting application with 
countless possibilities. In the future, the complex of gold nanocluster and cyanine 
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dye could be synthesized to be used as a multifunctional tool in biological 
applications.  

1.1 Cyanine dyes  

Cyanine dyes are a very well-known class of the wide field of fluorescent probes. 
Fluorescent probes are molecules or complexes capable of emitting a fluorescent 
light in desired applications, such as binding with DNA or changing the pH. 
Fluorescent probes can be organic dyes, ultrasmall gold nanoclusters, or bigger 
clusters paired with an organic dye. Since the structure of organic dyes is based 
on a conjugated system, organic dyes are all different yet similar in some ways.8 
Many have aromatic rings, which are known to have delocalized π electrons. 
These electrons are able to absorb light at a visible range, enabling the 
fluorescence to occur. Cyanine dyes are known for their high molar abosrptivities, 
suitable quantum yields, and range of applications.9 

Cyanine dye was first synthesized by C. Greville Williams in 1856 when he 
heated a quinoline compound with amyl iodide in an ammonia solution. As a 
result, he obtained the compound known as Quinoline Blue, which was a bright 
blue compound as its name suggests. From the original blue color also comes the 
name cyanine derived from the ancient Greek word kyanos, which stands for 
blue.10 Almost 170 years after Williams’s first reported cyanine dye, there are 
thousands of synthesized cyanine dyes today; many are also commercially 
available, such as the SYBR green dyes.11,12 The colors of the dyes vary greatly in 
the visible region9,13 and some even stretch to the near infrared region (NIR).14–16 
For instance, Mujumdar et al.17 reported a series of dyes, which are analogs of 
commercially available Cy3, Cy5, and Cy7,  with emission maxima between 565 
nm and 789 nm, giving a great example of the variability seen in the cyanine dyes 
with absorption bands in various regions ranging from the visible to the NIR.  
 

NN

Quinoline Blue  

FIGURE  1.  Structure of Quinoline Blue. 

 
Quinoline Blue is an example of a monomethine dye, as it has only one carbon in 
the bridge connecting the two heterocycles. The core seen in all cyanine dyes is 
highlighted in FIGURE 1 with magenta. This chromophore is the conjugated 
system between two nitrogen atoms which are usually part of some heterocycles, 
here in quinolines. Other classes are trimethine, pentamethine and heptamethine, 
which contain 3, 5, and 7 methine groups in the bridges, respectively (FIGURE 2). 
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Cyanine dyes can be also unsymmetric, meaning that the two heterocycles 
containing the nitrogen atoms are different. Besides quinoline, other common 
heterocycles cyanine dyes can have are benzoxazole, benzothiazole, and 
indole.11,12  
 

 

 

FIGURE  2.  Basic structures of different types of cyanine dyes. 

  
Monomethine cyanine dyes have two well-known commercially available 
brands of dyes, the SYBR Green dyes and TO and YO  monomers and their 
analogs, TOTO and YOYO dimers.18 The SYBR Green related dyes (FIGURE 3) 
are the main interest of this thesis. These dyes have been extremely popular, 
especially for imaging nucleic acids in gels19 and in many other applications, such 
as determing virus counts20 or bacteria21 from marine samples and diagnosing 
SARS-CoV-2.22 Since its initial release in the early 90s, several variations of SYBR 
Green I have been developed.23 The SYBR Green dyes have been especially 
popular as a replacement for ethidium bromide, which is also a nucleic acid stain. 
However, ethidium bromide has been notoriously known for its mutagenicity 
and relatively low fluoresence enhancement when bound with DNA; hence, safer 
and brighter SYBR Green dyes have gained popularity in imaging nucleic acids 
instead of ethidium bromide in PCR for instance.24  
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FIGURE  3.  SYBR Green related commercially available dyes.25–29 

Thiazole Orange (TO) and Oxazole Yellow (YO) (FIGURE 4) have been 
vigorously studied after they were first introduced by Lee et al.30 in the late 80s. 
Since then, many new analogs of TO and YO dyes have been synthesized and are 
also commercially available.18 The dimers TOTO-1 and YOYO-1 have especially 
become well-known fluoresent probes due to their greater turn-on type of 
fluoresence in the presence of nucleic acids compared to ethidium bromide with 
low background emission, as well as high molar abosrptivities of over 100,000 M-

1 cm-1 .31,32 While the SYBR Green dyes became popular for staining nucleic acids 
in gels,23,33,34 the TO and YO dyes and their dimers first gained popularity in 
cytometry.30,35,36  
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FIGURE  4.  Structures of Thiazole Orange (TO) and Oxazole Yellow (YO) and their dimers. 
TOTO-1 and YOYO-1.32 

The most well-known polymethine cyanine dyes are Cy3, Cy5, and Cy7 and their 
analogs Cy3.5, Cy5.5, and Cy7.5 (FIGURE 5), which are symmetrical tri-, penta- 
and heptamethine dyes, respectively, bearing 3-dimethylindole moieties.37 These 
dyes are considered one of the most used fluoresent probes today, with many 
other variations available commercially as well.38 The photophysical qualities 
and the usages of the Cy related dyes have been vigorously studied in new 
applications thanks to their tunable structures. For example, the detection of 
reactive oxygen species (ROS),39 tumor imaging and drug delivery,40 as well as 
improving their photostability for prolonged studies,41 have been studied over 
the past few years. While the monomethine cyanine dyes are popular in imaging 
nucleic acids, polymethine dyes have also been a great interest among scientists 
in medical fields. Their tunable structure and emission maxima in the NIR make 
PDT therapy possible to treat cancer,14 in addition to advanced bioimaging and 
navigation surgeries, along with disease diagnostics.42 
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FIGURE  5.  Structures of commercially available polymethine cyanine dyes from 
Lumiprobe.38 

All the classes of cyanine dyes share some of their qualities. Generally, cyanine 
dyes can have very high molar abosrptivities, moderate or high quantum yields, 
sharp absorption peaks, and rather small Stoke’s shifts, usually around 20-30 nm. 
Most importantly, these dyes are capable of binding with high affinities with 
nucleic acids, proteins or other biomolecules, making them extremely important 
for life science applications. The most distinctive difference between the classes 
is the absorption maxima. Monomethine and trimethine dyes both absorb at a 
visible range; monomethine dyes usually absorb around 450-550 nm, and 
trimethine dyes generally have maxima around 600-700 nm. Adding another 
methine group in the bridge shifts the absorption maxima by approximately 100 
nm; hence, pentamethine dyes have absorption maxima in the NIR region, 
around 700-800 nm. And finally, the most redshifted are heptamethine dyes with 
absorption deep in the infra-red, maxima around 800-900 nm. However, the 
absorption maxima can be shifted past 1000 nm with additional substituents.43 
This bathochromic shift to longer wavelengths can be explained by the HOMO-
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LUMO (highest occupied molecular orbital and lowest unoccupied molecular 
orbital) energy gap, which gets lower as the polymethine chain gets longer.44   

1.2 Fluorescent probes in biological applications  

When a molecule absorbs light as a photon, the electrons of the molecule are 
excited from their ground state (S0) to their excitation state (Sn). Since the 
electrons need energy to do this jump from the ground state to the excitation state, 
the absorption will only happen at a certain wavelength in which the energy of 
the photon is exactly the needed energy for the jump between the states (FIGURE 
6).45  

The excited state is not energetically stable, and electrons need to return to 
the ground stage. Molecules can relax in several ways. There is always some 
energy lost as the heat, motion, and vibration of the molecule. Sometimes all the 
energy is lost in a vibrational relaxation, in which the energy is lost as kinetic 
energy to the surroundings of the molecule. The vibrational relaxation is also 
called a non-radiative pathway. There can be also radiationless transitions 
between the excited states. First, internal conversion can occur between two 
excited states with the same spin multiplicity, for instance from S2 to S1. The 
second possibility is intersystem crossing, where the transition happens between 
states with different spin multiplicity, e.g. from singlet to more stable triplet (T1) 
state.  Some molecules can relax in a radiative pathway known as luminescence. 
On this pathway, energy is transformed back into a photon, which is then emitted 
by the molecule in emission. The energy difference between the absorption and 
emission is called Stoke’s shift. There are two ways the emission can happen. In 
fluorescence, the relaxation in vast majority of cases happens by emission of the 
photon in the S1 state. To get to the S1 stage, an internal conversion can occur 
before fluorescence. The phosphorescence happens after the intersystem crossing 
from the triplet state. The notable difference between these two mechanisms is 
the spin multiplicity. When fluorescence occurs, the spin stays the same, but with 
phosphorescence also the spin multiplicity changes when the intersystem 
crossing occurs. Due to the change in the spin multiplicity, phosphorescence 
takes longer to occur than fluorescence and can be observable in some cases even 
hours after excitation.45  
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FIGURE  6.  Jablonski diagram redrawn using Gomes et al.46 and Klán and Wirz45 as a 
reference. 

A chromophore as a term has risen from the dye industry to define the part of 
the molecule, which is responsible for the color of the dye. A chromophore is a 
group of atoms within a molecule, which is capable of absorbing light in the 
visible region, hence producing a color of the molecule.47 There are some 
functional groups that are commonly found in chromophores. Ketones, carbon-
carbon double bonds, conjugated carbon bonds, or conjugated enones are 
common groups along with aromatic rings.48  

Photophysical properties of many types of molecules are exploited in 
biological applications; for example, lanthanide metal organic frameworks (Ln-
MOFs) can be used to image anticancer drugs49 and small organic fluorescent 
probes, such as ATTO655 or PicoGreen to image biomolecules and cellular 
structures with super-resolution microscopy.50 Cyanine dyes are one class of the 
fluorescent probes utilized, but there are several other classes of molecules with 
different abilities and advantages. Imaging is the most utilized one, including 
fluorescent probes to image nucleic acids, e.g., in PCR,26,33,51,52 as well as imaging 
biomolecules in cells53–55 and using nanoparticles56,57 or gold nanoclusters58,59 to 
detect tumors. Monomethine cyanine dyes are widely known for their ability to 
bind with high affinities with nucleic acids. Hence, they are commonly utilized 
to image nucleic acids in more and more ambitious studies. One of these 
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examples is the utilization of the so-called flow virometry to characterize viruses. 
This is an adaptation of flow cytometry and fluorescence-activated cell sorting, 
which have been used routinely in the purification and analysis of cells for 
decades. These methods, however, were not sensitive enough for viruses. With 
more powerful devices and brighter fluorescent probes, such as SYBR Green I, it 
is now possible to study viruses more precisely than ever before.60   

Other common applications are therapeutic tools, which take advantage of 
photophysics to treat diseases. For instance, photothermal therapy (PTT) is a 
widely studied mechanism to treat cancer tumors. PTT uses the probe’s ability to 
absorb light and convert it to thermal energy to increase the temperature within 
the tumors in hopes of killing the infected cells. PTT may be potentially used 
alongside with photodynamic therapy (PDT). PDT is also a selective method to 
treat cancer cells by activating the used probe with light to release reactive 
oxygen species, which could kill the cancer cells.59,61  

One of the most ambitious goals is to use fluorescent probes to detect 
reactive oxygen species (ROS) in our bodies. Although ROS are a normal part of 
the oxygen metabolism, high amounts of ROS have been linked to several 
diseases, such as cancer, cardiovascular disease, and Alzheimer's. The most 
common ROS forms are singlet oxygen (O2), hydroxyl radical, hydrogen 
peroxide, and superoxide anion (O2*-). As one might expect, their detection is 
difficult due to their short half-life and low concentrations.62 One example of such 
probes was presented by Albers et al.63 In their studies, they presented a synthesis 
route for a probe consisting of coumarin donor and fluorescein acceptor 
protected with boronate linked together with a spacer. Their method is based on 
the Förster resonance energy transfer (FRET), which means that the donor 
chromophore is able to transfer energy to the acceptor when excited through a 
nonradiative pathway.  In this case, coumarin can donate energy to fluorescein, 
but without its reaction with hydrogen peroxide, fluorescein remains in a form 
unable to emit photons; hence, only emission from the coumarin donor is 
observed. When the protective groups of fluorescein react with the hydrogen 
peroxides, the conformation opens up, emitting a strong green fluorescence 
distinctive from the blue from the donor. This probe was also proven to be 
selective towards the hydrogen peroxide over other ROS species, and it can 
detect the hydrogen peroxide produced by the mitochondria.  

In some cases, the use of fluorescent probes cannot be categorized only to 
the imaging, therapeutic or diagnostic purposes since these qualities can be 
combined. Watanabe et al.64 presented a series of benzothiazolium-based probes. 
In the solution, these probes exhibited poor fluorescence intensity but when in 
the presence of β-amyloid or -synuclein, which are linked to Alzheimer's disease 
and Parkinson’s disease, they exhibit a turn-on type of fluorescence. As proven 
by the in-vivo and in-vitro testing, one of the presented probes showed 
promising affinity towards these hallmarks and was able to clearly stain senile 
plaques and Lewy bodies in brain sections with Alzheimer’s or Parkinson’s 
disease. Hence, these probes could be used to selectively image the desired 
biomolecules and diagnose the disease.64  
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1.3 Noble metal nanoclusters  

Atomically precise noble metal nanoclusters are a very unique class of materials 
and naming them has also been controversial. They have been called 
nanoparticles, nanoclusters, quantum dots, clusters, quantum clusters, 
monolayer protected clusters, nanomolecules, artificial atoms, superatoms, and 
faradaurates, to name a few. It is evident that their extraordinary qualities, 
including the quantized energy levels, set them apart as a distinct class of 
materials, differentiating them from nanoparticles. The distinctive feature 
separating nanoclusters from nanoparticles is their size, which is also the facture 
determining the molecule-like qualities of nanoclusters. Nanoclusters are often 
referred to as small or ultra-small; and most commonly, their size is less than 3 
nm, and the ultra-small nanoclusters can even be subnanoscale.65 Nanoclusters 
are typically defined to be smaller than 10 nm, at which point they are considered 
to be nanoparticles up until 100 nm (FIGURE 7).66 The most accurate way to 
describe these materials is noble metal nanoclusters. However, it is not only the 
size that makes the nanoclusters stand out from the nanoparticles. In many cases, 
the exact conformation of the noble metal nanoclusters is known, whereas for the 
nanoparticles, only the estimated size in nanometers is often known.67  
 

 

FIGURE  7.  The size evolution from a single atom to nanoparticles. Redrawn using Liu 
and Corma as a reference.68 

Noble metals are known to be ‘’tough’’ materials, as they do not oxidize in 
atmospheric conditions. These metals include ruthenium, rhodium, osmium, 
iridium, palladium, platinum, silver and gold, all of which are also rather 
expensive due to their scarcity in earth. Most samples of noble metal nanoclusters 
are either gold or silver since they have been popular in many applications 
throughout human history, even as a form of medicine.69  

In this thesis, we will focus primarily on the gold nanoclusters (AuNCs). 
The discovery of the atomically precise AuNCs is still quite new, as the first 
example was published in 1981 by Schmid et al.70 and more studies started to 
emerge in the 1990s,71–73 when many examples of the improved synthesis 
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methods arose. The gold nanoparticles (AuNPs) have been studied since 1857 
when Michael Faraday first introduced his so-called fine particles.74 Since then, a 
few breakthroughs in the gold nanoparticle field have changed the industry 
radically. In 1951, Turkevich et al.75 reported the citrate method to synthesize gold 
nanoparticles, and in 1973, Frens76 further improved the method by controlling 
the ratio of the reducing agent and the cold precursor. To this day, the citrate 
method is the most used synthetic pathway to get colloidal gold nanoparticles 
from HAuCl4. However, other reducing agents besides sodium citrate are also 
used, such as ascorbic acid, sodium boron hydride, or block-copolymers.77 The 
mechanism behind the citrate method have been proposed to consist of four steps. 
First, the Au (III) starts to reduce and form the nuclei. The second step is the 
aggregation of these formed nuclei. In the third step, the reduction of the gold 
continues, and particles start to slowly grow. The fourth and last step is the rapid 
growing step, where all Au (III) is reduced to Au (0) to form the gold core.77 But 
because there are so many gold nanoparticles with different shapes, sizes, and 
ligand variations, the synthesis methods can also vary from the classical citrate 
method; for example, single crystal seeds can be used as a starting point to grow 
nanorods,78 whereas the AuNCs are synthesized by first forming the complex 
between the gold and the ligand, and this complex is then reduced to self-
assembling the nanocluster together.72 Or by etching bigger AuNPs, with 
selected ligands to its desired size.58,79  
The synthesis of AuNCs will be covered in a more detailed manner later on.  

Gold nanoclusters consist of a gold core comprising Au(0) and a protective 
ligand layer with Au(I) covalently linked with various ligands.72 Gold 
nanoparticles are similar in regard to the core and the Au(I) protective layer, but 
the surrounding ligands are not covalently linked to the particle, and they stay 
together through ion-dipole bonds.80  
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2 MONOMETHINE CYANINE DYES 

Monomethine cyanine dyes are most known for their usage as fluorescent probes 
to image nucleic acids in different applications. These dyes usually have high 
absorption coefficients, great turn-on-type fluorescent response to nucleic acids 
with low background emission and high binding affinities.9,81 Some drawbacks 
of the monomethine cyanine dyes include poor photostability and cytotoxicity. 
However, SYBR Green II and SYBR Gold were proven to be less cytotoxic than 
ethidium bromide, which is another popular DNA stain.24 SYBR Gold is the most 
sensitive SYBR dye; it can detect as little as 34 pg of dsDNA, making it currently 
the most accurate dye for imaging nucleic acids in gels, which is also the most 
known application for the SYBR green related cyanine dyes.34 

2.1 Synthesis 

Monomethine cyanine dyes are commonly synthesized with a condensation 
reaction between two quaternary amine salts in the presence of a base, such as 
triethylamine or pyridine. The drawbacks of this common route can be low yields, 
hard purification, and long reaction times.43 However, the mechanism of this 
widely used method has not been studied that much, as only some proposals 
have been made.3,82 As seen in the mechanism proposed by Fu et al.82 (FIGURE 
8), the reaction is started by the base deprotonating the methyl group, which is 
stabilized by the resonance structure with the positively charged nitrogen. Next, 
the formed carbanion acts as nucleophile in an SN1 reaction with the quinoline 
containing a leaving group. Nitrogen in the quinoline moiety stabilizes the 
formed intermediate by accepting a lone electron pair. Lastly, the base 
deprotonates the formed methine bridge and the leaving group is removed to 
obtain the final cyanine dye structure.  
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FIGURE  8.  Proposed synthesis mechanism by Fu et al.82 

The synthesis of SYBR green related cyanine dyes have been patented since the 
early 90s.83,84 This synthesis also consists of two main precursors – the quinoline 
salt and either benzothiazolium or benzoxazolium salt (FIGURE 9). The first part 
of the synthesis starts from quinolone, which is treated with a strong chlorinating 
agent; POCl3 to chlorinate the carbonyl in the presence of a catalytic amount of 
DMF dissolved in DCM. This reaction yields the quaternary amine salt after 24 
hours of refluxing suitable for the cyanine condensation reaction. Next, the 
prepared chlorinated quinoline is mixed with the benzothiazolium or 
benzoxazolium salt in the presence of triethylamine after six hours of mixing. 
Purification with column chromatography results into the chloride substituted 
intermediate, which is favorable for the substitution reaction for additional 
functional groups. If desired, the substitution of the chloride may also be done 
before the cyanine condensation reaction.83,84   
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FIGURE  9.  The synthesis route for SYBR Green related cyanine dyes.83,84 

Deligeorgiev has done several studies on the cyanine dye synthesis with various 
peers in the 1990s.81,85–88 In addition to improving the overall cyanine 
condensation reaction in wet chemistry methods,81,87–89 environmentally friendly 
synthesis routes with high yields have also been developed.85,86 Deligeorgiev’s 
take on the green chemistry aspect not only reduces the usage of solvents in the 
synthesis, but also lowers the reaction times by doing the synthesis simply by 
melting the starting materials and letting them react from minutes to an hour.85,86 
Moreover, their synthesis method reduces the chances of forming pollutant and 
toxic methylthiol gas as a side product.86   

Since scientists share a common goal to reduce pollution and slow global 
warming, the cyanine dye synthesis has had other examples of green chemistry 
methods as well. Eissa and Hameed90 reported a solvent-free synthesis route to 
various novel monomethine cyanine dyes by using a mortar and pestle. They 
mixed the two starting materials in the mortar and grinded the salts in the 
presence of piperidine as a base, resulting in a fast and high conversion to the 
desired dyes with over 90% yields for each synthesis.  

Microwave-assisted synthesis methods have been popular as well; not only 
do they reduce the need for solvents, but they also typically reduce the reaction 
times.  The Zhang group has reported two methods for the microwave synthesis 
of monomethine dyes with high yields and fast reaction times, under 20 minutes 
in solvent-free conditions.82,91 A similar study was conducted by Hussein et al.92 
as they took the challenge to improve the synthesis of the thiazole orange family 
of dyes. They too applied solvent-free conditions and were able to synthesize 
products with good yields and short reaction times. The good yields in solvent-
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free conditions with fast reaction times also reduces the need for purification 
steps after the condensation reaction. Purification with classical wet chemistry 
synthesis procedures can be time consuming and challenging since multiple 
products may also form, leading to low yields.85  

Some research outside the classical synthesis route has been also conducted. 
One-pot synthesis between 1-methyl-2-quinolinethione, quaternary amine salt, 
and methyl p-toluenesulfonate in the presence of triethylamine was reported 
with reasonable yields and fast reaction times. While this route has only one 
amine salt, it is very close to the classical method as it also includes the base 
catalyst. This method also included the purification step by recrystallization and 
Soxhlet extraction, reducing the cost efficiency of the synthesis even further.93   

Apart from trying to improve the synthesis, some efforts regarding the 
functionalization of the dye molecules have been attempted. For example, 
improving water solubility has been studied by adding another charge bearing 
functional group. Improving the water solubility is especially important for 
fluorescent probes that are intended to be used in biological applications to 
increase the dye’s ability to penetrate through the plasma membrane to enhance 
the dye DNA interaction.94 Adding another charge to the molecule can also 
enhance the quantum yields of the dyes, as demonstrated by Deligeorgiev et al.95 
and Timtcheva et al.96 Rastede et al.97 reported how adding either an electron 
withdrawing group (EWG) or electron donating group (EDG) to the 
benzothiazolium moiety of the TO dye can be used to finetune  the spectral 
properties of the dye. Adding an EWG to the TO dye in this position resulted in 
blue-shifted spectra, whereas the addition of an EDG resulted in red-shifted 
spectra. On the other hand, by including the same substituents in the quinoline 
moiety of the TO dye, these spectral changes were the opposite; EWG resulted in 
red-shifted spectra and EDG resulted in blue-shifted spectra. 

2.2 Applications  

2.2.1 Detecting nucleic acids  

In 1986, the biological activities of monomethine cyanine dyes were discovered 
by Lee et al.30 They used a new monomethine cyanine dye, thiazole orange, in 
fluorescence cell cytometry to image the reticulocytes, which are immature red 
blood cells containing RNA that eventually will mature into red blood cells. Since 
this discovery, the field of cyanine dyes has risen exponentially. Today, there are 
several modified versions of thiazole orange and other families, such as SYBR 
dyes, that are commercially available.    

Using the cyanine dyes to image nucleic acids is dependent on their ability 
to interact with them. When the cyanine dye is in an aqueous solution without 
any nucleic acids, very low background emission is typically detected. But when 
bound with nucleic acids, the fluorescence lights up. This has been explained by 
the core of the dye fixing to the binding site, so that the backbone of the dye 
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molecule becomes rigid, and the relaxation cannot happen via twisting and 
turning anymore. Because of this, it makes many imaging applications with these 
dyes very easy since there are no blue or red shifts or a certain increase in the 
intensity – when there are nucleic acids, the fluorescence becomes visible; 
otherwise, there is no fluorescence. There are few explanations how this 
phenomenon occurs. The Geddes group25,28 has extensively researched the 
interactions of SYBR Green I and PicoGreen and how they bind with double 
stranded DNA. Their studies show that these dyes intercalate between the base 
pairs of the double helix, while the positive charge provides additional 
electrostatic interactions; to finalize the tight binding, the long side chains can 
interact along the helix, providing another weak interaction as a support. The 
other possibility is groove binding. Karlsson et al.98–100 reported several 
asymmetric monomethine cyanine dyes that bind with the minor groove of the 
dsDNA with weak interactions (FIGURE 10).  
 
 

 

 

FIGURE  10.  Simplified binding modes of fluorescent probes with double stranded nucleic 
acids.28,100 

One of the most known applications of monomethine cyanine dyes is the 
polymerase chain reaction (PCR),22,98,101–103 which is used to reproduce DNA 
segments.104 Another widely used technique is the melting curve analysis, which 
can be used to further analyze the DNA amplified with PCR.105–107 It is also 
common to image nucleic acids in gel electrophoresis with monomethine cyanine 
dyes.33,108,109 

PicoGreen, which is also part of the SYBR Green family, can be used in a 
super-resolution (SR) microscope imaging tool. A more advanced method of SR 
is direct stochastic optical reconstruction microscopy (dSTORM), which is 
capable of imaging proteins in living cells. Using PicoGreen as fluorescent probe 
for imaging cellular DNA in living cells with dSTORM has been successful, even 
over a long period of time. This method may be a potential way to study how the 
DNA organizes over time and how that affects the gene expression in different 
regions of the DNA.110 

The interest towards RNA and its applications and functions, such as RNA 
vaccines and RNA-based drugs, has risen drastically over the last few years.111 
Also, the ambition to design a RNA-specific dye is at an all-time high.  Few 
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attempts to make an RNA-selective dye has been made in the monomethine 
cyanine dye field. One of the most known examples is SYBR Green II, although 
it is not fully RNA-selective. It can be also used to image DNA, but it has higher 
affinity towards RNA.112 Other example of commercial dyes is SYTO RNA select 
which is one of the few RNA-targeting dyes available, but its structure is not 
known. Hence, it cannot be further developed to be used in new applications. 
However, Lu et al.113 were able to combine the RNA-specific features of styryl 
dye and monomethine cyanine dyes. Their molecule has a monomethine cyanine 
dye core combined with a p-(methylthio)styryl unit. This dye, Styryl-TO, showed 
higher affinity towards RNA compared to DNA, along with a 152-fold increase 
in fluorescence intensity when bound with RNA and an increase in the quantum 
yield when bound (35-fold). It was also proven to be quite photostable, making 
the studies possible even with prolonged exposure to light. The quantum yield 
and light-up are on the lower side compared to conventional cyanine dyes, such 
as SYBR Green I, but this study is an important indication that RNA-specific 
monomethine dyes are plausible.  

Another attempt to provide RNA-specific monomethine cyanine dye was 
made by Aristova et al.114 They designed several unsymmetric dyes with 
benzothiazolium or –oxazolium moieties combined with quinoline or pyridine 
moiety as a core. With various substituents, they screened the possible RNA 
activity and their best dyes, Sl-2000 and Sl-2598, both show over a 400-fold 
increase in emission intensity when bound with RNA. The Sl-2000 dye has a 
unique composition; its structure has negatively charged oxygen in the quinoline 
core, and it has positively charged triethylamine substituent connected to the 
positively charged nitrogen in the quinoline core. Even though these dyes were 
proven to have affinity towards RNA and have great turn-on fluorescence when 
they bind with RNA, they still show some affinity towards DNA as well. Hence, 
if only RNA imaging is the desired goal, even these dyes are not yet fully capable.   

An interesting new application of using commercially available 
monomethine cyanine dyes, such as SYBR Green I and TOTO-3, with a laser 
confocal microscope has also been studied. A laser confocal microscope can be 
used to locate cell components in cellular environments. With different types of 
dyes, it would be possible to selectively dye different parts of the cells, such as 
using DNA-targeting dye and dye for active filaments. SYBR Green I showed 
great affinity towards DNA in this study. As it did not dye the majority of the 
cytoplasmic RNA, SYBR Green I could be used to image DNA without a RNAse 
treatment, which is required for dyes that have higher affinity towards RNA. 
TOTO-3 did the opposite, as it had a higher affinity towards the RNA in this 
experiment. Both these dyes, as well as the other TOTO family dyes that were 
studied, could be used to stain DNA in laser confocal microscope studies.115 A 
similar notion was made by Henneberger et al.116 They used a confocal laser 
microscopy to image microbial cells in soil samples with great results. TOTO-3 
and TO-PRO-3 showed low background emission, and they were able to image 
the cells from the measured samples without any harsh pretreatments.  
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Using fluorescent probes to target specific sites in cells has been an interest 
in the field of cyanine dyes for some scientists. Atanas et al.87 reported five new 
monomethine cyanine dyes carrying two positive charges. These dyes were 
investigated with dsDNA and RNA. According to their studies, their dyes 
intercalate with the DNA and when binding RNA, the dyes form aggregates that 
are able to bind with the RNA. When utilizing the dyes in vivo with a HeLa cell, 
they noticed that the dyes tend to accumulate into the mitochondria of the cells. 
Hence, these dyes may have some potential usages targeting the mitochondria.87  

When bound to nucleic acids, the great turn-on type of fluorescence of 
cyanine dyes makes many applications possible; from the classic applications of 
PCR, melting curve analysis, and gel electrophoresis for imaging DNA under the 
microscope (dSTROM) to a RNA-specific dye for selectively imaging RNA, even 
in the presence of DNA.  

2.2.2 Other applications  

Since the imaging nucleic acids is by far the most studied application of the 
monomethine cyanine dyes, there are only a few examples of other applications. 
Some interesting examples of other usages of monomethine cyanine dyes are 
listed below. 

Biological applications of monomethine cyanine dyes do not stop with 
detecting nucleic acids. Ten novel monomethine cyanine dyes were synthesized, 
and their antimicrobial activities were studied by Abd El-Aal et al.117 The results 
of their study indicated that three dyes showed great antimicrobial activity 
towards gram positive bacteria. While the study did not show whether the effect 
was inhibitory or lethal, its great effect was observed.117  

Few studies have been conducted on using monomethine cyanine dyes to 
image proteins. An example of protein imagining dyes was published by 
Yarmoluk et al.118 They presented a total of 11 novel monomethine cyanine dyes, 
which were proven to have a turn-on type of fluorescence in the presence of 
albumins, bovin serum albumin (BSA), and human sera albumin (HSA). Their 
study did however show that these dyes also had the characteristic turn-on type 
of fluorescence with DNA and RNA, hence the proteins could not be selectively 
imaged. 

Abdelbar et al.119 presented a quantum dot combined with monomethine 
cyanine dye as a method to improve the performance of solar cells. In their 
applications, they introduced the ionic cyanine dyes on top of the solar cell using 
an ethanol solution and small voltage to aggregate the cyanine dyes on top of the 
titanium dioxide film. On this thin film, the quantum dots were casted to improve 
the overall absorbance of the solar cell. 

A study by Vus et al.120 compared the possibility of different types of 
cyanine dyes inhibiting the insulin fibrillization. Amyloid fibrils are aggregated 
proteins. The formation of the amyloid fibrils can be linked to many illnesses, 
such as Alzheimer's and Parkinson’s diseases. In this study, it was evident that 
the length of the methine bridge did have an effect on the inhibitor ability, as the 
tri- and pentamethine dyes inhibited the formulation of the fibrils completely. 
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The chosen monomethine dyes did not perform the best as inhibitors, but they 
too had an inhibitor effect; hence, they may be also used at this application with 
further modifications to improve the inhibitor effect.  

Detecting the amyloid fibrillar has been also studied, using several 
monomethine cyanine dyes and with some polymethine dyes. The probe that 
was previously used to image the amyloid fibrillar Thioflavin T has some 
drawbacks that this study was set to overcome. The quantitative analysis of the 
fibrillization degree is an important aspect and can be achieved with selective 
probes. Similar to the above-mentioned study by Vus et al.,120 the polymethine 
dyes performed better than the monomethine dyes, but the enhancement of 
fluorescence was also observed in monomethine dyes with the fibrils compared 
to their free form. This study also gives great insight into new applications for 
monomethine cyanine dyes with the correct modifications.121  

Some studies on using cyanine dyes as optical record media like DVDs have 
been made. Both polymethine and monomethine cyanine dyes have been 
investigated by several groups with different stabilizing agents, such as 
transition metals, to improve the photostability. The dyes are used in this 
application as a thin layer of film on top of the disk, enabling the media 
recording.122–124  

Using monomethine cyanine dyes in other applications beyond imaging 
nucleic acids is a less popular field, but it does provide some interesting 
possibilities. Detecting the amyloid fibrillar to aid with the disease diagnosis, and 
imaging proteins and bacteria, as well as producing quantum dots or DVD data 
storage, are very interesting applications and prove the versatility of the 
monomethine cyanine dyes and the likelihood that there are many undiscovered 
applications for them.  
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3 GOLD NANOCLUSTERS 

In the last few years, ultra small gold nanoclusters and atomically precise gold 
nanoclusters have been a great interest of many researchers. Ultra small gold 
nanoclusters are also fluorescent with the right ligands. Hence, they have been 
studied vigorously to be used as fluorescent probes in life science applications 
due to their excellent qualities, great biocompatibility, bright emissions, large 
Stoke’s shifts, and good photostability.125 Since AuNCs have these great qualities 
on their own, the interest of making new types of materials with AuNCs – even 
combining them with organic dyes – has significantly grown over the years.126 

3.1 Synthesis of water-soluble gold nanoclusters 

The synthesis of atomically precise gold nanoclusters is as challenging as it 
sounds. Hence, after the extensive studies, the Brust-Schiffrin route72 is still the 
most used method to synthesize the nanoclusters. The original method consists 
of a two-phase liquid comprising water and toluene in which the clusters are 
grown from gold chloride salt (HAuCl4), and using the phase transferer to bring 
the two starting materials into the same phase, and with suitable reducing agents, 
the self-assembly of the gold nanocluster is achieved. Since then, a modified 
version of the Brust-Schiffrin method in a one-phase manner has been introduced 
and widely utilized. In this version, water and another miscible solvent, often 
methanol, are combined.71 

The so-called magic number is something that comes up when studying the 
challenging world of gold nanocluster synthesis. The magic number can be 
described as follows: 
 

𝑁𝑁 =
(2𝑛𝑛 + 1)(5𝑛𝑛2 + 5𝑛𝑛 + 3)

3
. 

(1) 

 
Where n is any positive whole number. This N then describes the number of the 
gold atoms leading to a completely filled electronic shell, which is preferred for 
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the final core.127 The core needs to be stabilized to obtain the final nanocluster 
product. This can be achieved with different types of thiol ligands,128–135 
DNA136,137, proteins,138,139 or peptides,140–143 for instance.   

The basic principle of the bottom-up style Brust-Schriffin synthesis method 
is the controlled growing of the gold nanoclusters. First, the Au(III) starting 
material forms a complex with the chosen organic ligand (-SR), Au(I)-SR. Then 
by adding a strong reducing agent, such as NaBH4, a reduction of Au(I) to Au(0) 
is achieved, and the formation of the cluster itself can begin (FIGURE 11).72  

 

 

FIGURE  11.  General route for the Brust-Schriffin method to synthesize gold nanoclusters 
from HAuCl4 (Au(III)) protected with a thiol.72 

Another way to synthesize gold nanoclusters is by etching bigger gold 
nanoparticles to the desired size, which is typically done by carefully selecting 
the ligands, usually thiols. As the Brust-Schriffin method is called bottom-up, 
logically, this method is referred to as the top-down method.79,144  

Life science applications of gold nanoclusters require water-soluble clusters. 
Water solubility can be achieved with certain ligands, such as glutathione, as 
Katla et al.145 reported with their atomically precise Au25 protected with 
glutathione. A similar, very well-known example of water-soluble gold 
nanoclusters was reported by Tsukuda et al.140 with glutathione or homo-
glutathione ligands. Additionally, Shang et al.146 reported fluorescent D-
penicillamin (DPA) protected gold nanoclusters for imaging cells. Two of the 
very common thiol ligands to produce water-soluble nanoclusters are 3-MBA128–

131 and p-MBA.132–134,147 The p-MBA protected Au102 cluster has been studied in 
more detail regarding its water solubility. Au102(p-MBA)44 is water-soluble when 
the ligand layer is partially or fully deprotonated, and soluble in short chain 
alcohols when fully protonated. The state of protonation can be tuned with acids 
and bases without damaging the cluster, thus making the solubility tunable.148  
Similar to water-soluble dyes, some applications can benefit from organosoluable 
nanoclusters. This can be achieved with ligands. Qian et al.135 reported a thiol-
protected Au144SR60 cluster with phenylethylthiol as a ligand. Another ligand 
that has demonstrated to produce a library of different-sized organosoluable 
nanoclusters is n-dodecanethiolate.149  

To overcome the challenges of controlling the size of the nanoclusters, 
different types of templates have been studied. For example, single-stranded 
DNA can be used as a template,136,137 as well as proteins.138,143 The DNA used in 
these examples are single-stranded and it wraps around the gold core to form the 
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protective layer as the other ligands do.136,137 And since proteins are close 
relatives of DNA, they behave as templates similarly, wrapping around the gold 
core to form the protective layer.138,143   

Over the 30 years of developing a novel synthesis of atomically precise gold 
nanoclusters, a few examples of important aspects have been discovered. These 
include the pH of the solution,150 the molar ratios of the gold salt and the used 
ligands,140,145,150 and the temperature of the reaction.140,145 

3.2 Applications of gold nanoclusters with fluorescent probes 

Combining fluorescent probes with gold nanoclusters is still a quite recent 
innovation and only a few examples exist. Ultrasmall gold nanoclusters are 
fluorescent on their own and they have been utilized in many applications, such 
as detecting Hg2+151 or glutathione.142 However, using non-fluorescent bigger 
nanoclusters and covalently linking them with fluorescent probes could be a way 
to create multifunctional tools.  

Pyo et al.126 described an Au22 gold nanocluster linked with fluorescein as 
a pH meter for cells. This cluster produced an increase in the photoluminescence 
intensity along with a higher pH (ranged from 4.3 to 7.8). This probe was also 
proven to be photostable under prolonged irradiation and biocompatible with 
low cytotoxicity. These clusters could also be linked, e.g., with drugs or target 
agents to gain the multifunctional tool for desired applications. 

In 2016, Wu et al.152 reported bovin serum albumin (BSA)-stabilized gold 
nanocluster covalently linked with fluorescein-5-isothiocyanate (FITC). Their 
Au25 BSA cluster is fluorescent on its own and when combined with also 
fluorescent FITC, they were able to simultaneously observe changes in the pH 
with the fluorescein, and the BSA-protected gold nanocluster responded to 
changes in the temperature. This cluster was also very photostable and 
biocompatible, as they were able to observe the changes in the temperature and 
pH of HeLa cells. In this case, the fluorescein emission intensity gets stronger 
when the pH rises, and the increasing temperature will quench the emission 
intensity arising from the BSA protected cluster. Hence, this approach takes 
advantage of the self-fluorescence of the BSA-protected cluster and combines it 
with the known ability of FITC to respond to the pH changes. 

The advantages of the modifiable ligand layer of gold nanoclusters do not 
end with pure imaging tools. Li et al.153 combined a small gold nanocluster with 
a targeting ligand for pancreatic cancer cells, cathepsin E (CTSE)-sensitive PDT 
therapy prodrug, and a CTSE-sensitive imaging agent, cyanine dye Cy5.5. CTSE 
is an aspartic proteolytic enzyme, which is overly expressed in many forms of 
cancer, including pancreatic cancer. With these tools combined (FIGURE 12), 
they were able to see a turn-on type of fluorescence when the gold nanocluster 
reached the target as the fluorescent Cy5.5 ligand released from the ligand layer. 
The confocal laser endomicroscopy can then be used precisely where the tumor 
was, inducing the PDT/PTT therapy to kill the tumor cells. This method was 
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further studied with mice, and it was proven to shrink the tumors significantly 
and keep the mice alive. The gold nanocluster probe had low cytotoxicity without 
laser irradiation and effectively killed the tumor cells with PDT/PTT therapy.  

 

 

FIGURE  12.  Schematic illustration of the synthesis and operating mechanism of the gold 
nanocluster probe AuS-U11. Reproduced from ref. 153 with kind permission 
from Elsevier. 

Thus far, the examples of fluorescent probes and gold nanocluster complexes 
have been used to detect the pH126,152 or temperature,152 as well as a part of the 
multifunctional tool for cancer treatments.153  
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4 EXPERIMENTAL METHODS 

4.1 Photophysical measurements  

Throughout the research, photophysical measurements were carried out, as they 
are one of the most important parts of the study to investigate the structural 
differences and their effect on the dyes’ photophysical qualities. It was of high 
interest to understand the different instruments and determine which available 
instrument would be the best for our needs. Similar measurements have been 
carried out in the research group, and they have been previously included in a 
thesis as well.154 

For absorption, three devices were used for the measurements. First, the 
studies were carried out with a Varian Cary 100 spectrophotometer. The studies 
were continued with a Perkin Elmer 650 UV-vis spectrometer or an Agilent 
Technologies Cary 8454 UV-vis spectrometer. All the devices have the same 
operating mechanisms. They have a single cuvette sample chamber where light 
comes through a monochromator to the sample and finally to the detector. Cross-
checking was conducted to ensure that the devices produced reliable data 
complimentary to each other.  

Varian Cary Eclipse was used for measuring the fluorescence. Similar to 
Uv-vis spectrometers, fluorometers also operate on the same basic principle 
regardless of the instrument of choice. The excitation light is directed to the 
sample through a monochromator, which will emit photons that are detected 
with a photodetector. A photomultiplier is used to strengthen the observed 
intensity from the sample.   

Molar absorptivity (ɛmax), is one of the values one would expect to find when 
reading a study about fluorescent probes. According to the Beer-Lambert law:  
 
 𝐴𝐴 =  ɛ𝑐𝑐𝑐𝑐, (2) 
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where A is absorbance, ɛ is the molar absorptivity, c is concentration and l is 
pathlength (1 cm in regularly used 10x10 mm cuvette). Hence, molar absorptivity 
can be described as the relationship of absorption and the concentration of the 
sample. It gives a more comprehensive number that can be used to compare how 
well the studied samples absorb light regardless of the sample concentration.155  

Along with molar absorptivity, quantum yield is one of the basic values you 
need to evaluate fluorescent probes. Quantum yield can be determined using 
known standards, as presented in the following equation (3): 
 
 

𝛷𝛷𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 𝛷𝛷𝑠𝑠𝑠𝑠𝑠𝑠
𝐴𝐴𝑠𝑠𝑠𝑠𝑠𝑠𝐹𝐹𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑛𝑛𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠2

𝐴𝐴𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝐹𝐹𝑠𝑠𝑠𝑠𝑠𝑠𝑛𝑛𝑠𝑠𝑠𝑠𝑠𝑠2
, 

(3) 

 
where, Φ is the quantum yield, A is absorbance, F is integrated emission and n is 
refractive index. In practice, to make the error smaller, a plot can be drawn as a 
function of integrated fluorescence against absorbance. The slope of this plot can 
be described as:  
 
 𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝑠𝑠𝑠𝑠𝑠𝑠 =  

𝐹𝐹𝑠𝑠𝑠𝑠𝑠𝑠
𝐴𝐴𝑠𝑠𝑠𝑠𝑠𝑠

. (4) 

 
 Similarly, the gradient can be described for the sample: 
 
 𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 =  

𝐹𝐹𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝐴𝐴𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

. (5) 

 
And hence, equation (3) can be written as:  
 
 

𝛷𝛷𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 𝛷𝛷𝑠𝑠𝑠𝑠𝑠𝑠
𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑛𝑛𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠2

𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝑠𝑠𝑠𝑠𝑠𝑠𝑛𝑛𝑠𝑠𝑠𝑠𝑠𝑠2
. 

(6) 

 
Now, by plotting the integrated emission against absorption at the excitation 
wavelength, the gradients can be used to determine the quantum yield with 
equation (6) using a known standard, such as fluorescein.  

To gain insight on how the cyanine dyes interact with DNA, a model 
designed by McGhee and von Hippel can be used to estimate the binding 
constant and binding site size for the dyes or other ligands as well. They 
described the DNA strand as a lattice with reoccurring binding sites fit for one 
ligand each for the guests. They described the binding of the ligands with an 
equilibrium reaction.156  
 
 [𝐵𝐵𝐵𝐵𝐵𝐵𝑛𝑛𝐺𝐺 𝑐𝑐𝑙𝑙𝑙𝑙𝐺𝐺𝑛𝑛𝐺𝐺]

[𝐹𝐹𝐺𝐺𝐹𝐹𝐹𝐹 𝑐𝑐𝑙𝑙𝑙𝑙𝐺𝐺𝑛𝑛𝐺𝐺]
= 𝐾𝐾 × [𝐹𝐹𝐺𝐺𝐹𝐹𝐹𝐹 𝑏𝑏𝑙𝑙𝑛𝑛𝐺𝐺𝑙𝑙𝑛𝑛𝑙𝑙 𝑠𝑠𝑙𝑙𝑠𝑠𝐹𝐹𝑠𝑠], (7) 

 
Here, K is the association constant for the ligand binding. The ligands considered 
in this model can bind into the same lattice, but the position of the second binding 
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ligands depends on the first bound ligand. This means that the binding sites with 
the bound ligands are unavailable for other ligands to bind, but the space 
between them can be unavailable if there is not enough space for another ligand. 
Hence, the authors of this model the probabilities for available (Pfree) and 
unavailable (Pbound) binding sites as:   
 
 𝑃𝑃𝑓𝑓𝑓𝑓𝑠𝑠𝑠𝑠 =

1 − 𝑛𝑛𝑛𝑛
1 − (𝑛𝑛 − 1)𝑛𝑛

 (8a) 

 

and 
 

 𝑃𝑃𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑠𝑠 =
𝑛𝑛

1 − (𝑛𝑛 − 1)𝑛𝑛
, (8b) 

 
where v is the binding density of the bound ligands in the DNA and n is the 
binding site size in the lattice taken by a single ligand. This model does not 
consider interactions between the ligands. If there would be some attraction, e.g, 
between two ligands, it would need to be taken into account. However, this is a 
model commonly used for cyanine dyes, so the ligand interaction model is not 
presented here. Without getting into the mathematical details, combining 
equations (7) and (8) gives the following model:  
 
 𝑛𝑛

𝐿𝐿
= 𝐾𝐾𝑠𝑠

(1 − 𝑛𝑛𝑛𝑛)𝑏𝑏

(1 − 𝑛𝑛𝑛𝑛 + 𝑛𝑛)𝑏𝑏−1
 (9) 

 
where L is the number of unbound ligands and Ka is the association constant 
when ligands bind with DNA. Hence, the model estimates the ratio of bound and 
free ligands as a function of the association constant and the ratio of the binding 
site size and bound dye molecules. To use the model with experimental data, the 
number of bound and free dye molecules needs to be known. Luckily, with 
monomethine cyanine dyes, this can be done with fluorescence since the dyes 
exhibit a turn-on type of fluorescence, which can be used to estimate the amount 
of bound and free ligands. Hence, the ratio of bound and free ligands can be 
estimated as: 
 
 𝜃𝜃 =

𝐹𝐹
𝐹𝐹𝑏𝑏

, (10) 

 
where F is fluorescence observed from the sample with a restricted amount of 
binding sites and Fb is the estimated fluorescence of 100% bound dye at the same 
dye concentration. Fb is estimated by measuring fluorescence in high excess at 
binding sites and hence, all the used dye should be bound with the DNA. This 
data is fitted to a linear fit, and the gradient is used to calculate the Fb at the 
concentrations used to record F. Hence, the amount of the free dye can be 
described as:  
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 𝐿𝐿 = (1 − 𝜃𝜃)𝑐𝑐. (11) 

 
And since the v is the binding density of the ligands in the DNA strand, it can 
now be presented as: 
 
 𝑛𝑛 = 𝜃𝜃

𝑐𝑐
𝑐𝑐𝐷𝐷𝐷𝐷𝐷𝐷

, (12) 

 
where c is the concentration of the dye in the sample and cDNA is the concentration 
of DNA in the sample. To get the binding parameters from the experimental data, 
v/L is plotted as a function of v. This exploration gives a nonlinear fit and 
estimated values for binding constant (Ka) and binding site size (n) in base pairs.  

4.2 Characterization methods  

The characterization of the dyes was mainly done with mass spectroscopy and 
confirmed with NMR. Photophysical studies were used to study the behavior of 
the dyes with and without DNA. X-ray crystal structures were used to confirm 
the structures of the dyes by our collaborators.  

MD simulations were done by our collaborators to investigate the 
relationship between the dyes and DNA in solution form. These results produced 
important information about the weak interactions and the conformations of the 
dyes when bound with DNA.  

4.2.1 Mass spectrometry 

In Mass spectrometry (MS), ions are produced from the analyte with a selected 
method suitable for the sample. After ionization, the formed ions are separated 
according to their mass-to-charge ratio (m/z), and finally, these ions are detected 
quantitatively and quantitatively based on their abundance (FIGURE 13).157  
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FIGURE  13.  Simplified setup for MS. Redrawn from the book by Gross.157 

During the research, two mass spectrometers were used: Micromass LCT ESI-
TOF and Agilent 6560 LC-IMMS-TOF. The Micromass spectrometer was used for 
standard checkups to see if the synthesis had worked, and to make sure the 
product was pure before moving on to the Agilent spectrometer. The Agilent 
spectrometer is a state-of-the-art instrument that is also capable of UHPLC 
studies and ion mobilization (IM) studies besides the MS measurements. In our 
case, the device was only used to measure accurate mass of the synthesized 
products.   

ESI stands for electrospray ionization, which is the so-called soft ionization 
method, meaning that in most cases, the analyte does not fragment. In ESI, the 
analyte is dissolved in a volatile solvent, methanol for instance, in low 
concentrations. Starting from the atmospheric pressure, the sample is driven 
through a high voltage electric field and then ejected to a capillary to form 
charged droplets. These droplets enter the spray chamber where heated gas, such 
as nitrogen, starts to evaporate the solvent, making the droplets smaller. 
Eventually, only the analyte ion is left as a gas phase ion. These ions can then be 
directed to the mass analyzer, such as a time-of-flight (TOF) analyzer.157 Agilent 
has introduced their improved take on ESI, called an Agilent Jet Stream (AJS). 
This ionization method is similar to the standard ESI method, but it uses 
superheated nitrogen to improve the desolvation and ion generation, making AJS 
more sensitive compared to ESI.158  

Both instruments used a time-of-flight (TOF) analyzer. This means that the 
formed ions were separated by time – smaller ions take less time to travel through 
the drift tube to the detector than bigger ions. TOF provides fast detection, high 
sensitivity, and accuracy, and in theory, there is no m/z limit that can be 
detected.157  
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4.2.2 NMR spectroscopy 

To confirm the molecular formula of the synthesized products, NMR 
spectroscopy was used along with MS studies. Due to the ionic nature of the dyes, 
MS was the chosen method when synthesizing products to confirm that the 
synthesized material matched the desired product. MS was fast and provided 
information about the purity of the sample. The MS peaks corresponded to the 
molecular weight of the samples, making it possible to characterize the samples 
on the spot without needing to interpret the data further. However, MS data 
alone is not sufficient evidence that the product is what we think it is since the 
same molecular weight can have very different molecular formulas. Two NMR 
spectrometers were used during the studies: a Bruker Avance III HD 300 MHz 
spectrometer was used for routine checkups to confirm the sample purity before 
measuring the publication quality data, and 2D measurements with a Bruker 
Avance III 500 MHz NMR spectrometer. With NMR measurements and the MS 
data, we were able to – with great certainty – say that the synthesized molecules 
matched the synthesis plan.  
 

 

 

FIGURE  14.  Basic principle of NMR. Picture redrawn using Günther159 as a reference. 

Nuclear Magnetic Resonance (NMR) spectroscopy is based on the magnetic 
properties of a nuclei. When the sample is placed on the NMR device, it exposes 
the nuclei of the sample to the strong external magnetic field (B0). Each nucleus 
in the sample has a magnetic moment, or a spin, which will be aligned according 
to the external field – and it will spin like a spinning top, called precession 
FIGURE 14). When a pulse of radio frequency is used, the nucleus can absorb the 
pulse if it matches the precession frequency. After the excitation, spins return to 
the ground state, inducing a resonance signal, which is recorded as the function 
of time. Hence, NMR requires that the nuclei have non-zero magnetic movement, 
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meaning that 12C with even mass and atomic number does not respond to the 
external magnetic field. Hence, only the 13C isotope can be detected with NMR 
along with 1H and 19F for instance. After the Fourier transform, the NMR spectra 
shows chemical shifts for each different proton. The chemical environment 
makes the protons have different chemical shifts; for example, the proton near 
the oxygen atom is more shielded compared to a proton that only has carbon or 
other protons near it. Because less shielded protons feel the external magnetic 
field more strongly, their spinning frequency is also higher, creating a more 
downfielded chemical shift.159 

4.2.3 X-ray crystallography 

Since MS and NMR can be only used to verify the molecular formula and rough 
estimate of the actual structure with the 2D NMR experiments, X-ray 
crystallography was used to determine the actual conformations of some of the 
dyes. Suitable crystals were measured by our collaborators with a Rigaku 
XtaLAB Synergy-R diffractometer equipped with a HyPix-Arc100 detector and 
an Oxford Cryostream 800 cooling system using mirror-monochromated Cu-Kα 
radiation (λ = 1.54184 Å), or a dual-source Rigaku SuperNova diffractometer 
equipped with an Atlas detector and an Oxford Cryostream cooling system using 
mirror-monochromated Cu-Kα radiation (λ = 1.54184 Å). Data was collected with 
CrysAlisPro160 and the structures were solved with SHELXT161 and SHELXT-
2019162 or SHELXL-2015.163 

4.2.4 Calculations  

Molecular docking calculations were performed by our collaborators with small 
sections of dsDNA with AutoDock 4.2164 software. Gaussian09165 was used to 
optimize the 3D structures of dyes PyrN, OxN, and MeS. The DNA was kept 
rigid during the docking, while the dyes were able to rotate around the flexible 
bonds. A more detailed explanation of this procedure can be found in Publication 
II. From these evaluations, the most energetically favorable conformations were 
chosen to be used in molecular dynamics (MD) simulations to gain insight on the 
turn-on type of fluorescence, which is widely accepted to arise from the rigidity 
of the dye molecule when bound with nucleic acids. The GROMACS 2020166 and 
AMBER force167 field were used for the docking calculations of the free dye and 
DNA-dye complexes. The fully-detailed description of the calculations can be 
found in Publication II.  
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5 RESULTS AND DISCUSSION 

5.1 Aim of the work 

The main goal of this work was to design and synthesize novel SYBR Green 
related cyanine dyes and study the structural characteristics, which changed the 
photophysical qualities of the dyes for better or worse. Understanding the 
structural key points could be a pathway to designing a specific dye for a desired 
application, such as selective RNA sensing. The increase in viral studies – as well 
as the desire to image biomolecules, for instance – has created a need for brighter 
and brighter probes. The gold nanocluster synthesis was a small part of the study, 
but we wanted to demonstrate that the non-covalent bound complex of AuNC 
and KU dye can act as a pH sensor. And since this complex works, by adding 
targeting ligands, drugs or adding another fluorescent probe, such as one of our 
cyanine dyes, we may have a multifunctional tool for new applications, such as 
advanced viral studies.  

The following chapter will describe the main results of the original papers 
I-IV published by our group and coworkers. Articles I, II and IV focus on 
studying the monomethine cyanine dyes and their structure. By doing 
systematical alterations to the core structures, from as small as one heteroatom 
change to altering the aromatic systems and additional substituents, we studied 
the photophysical qualities related to these structural changes of SYBR Green 
related monomethine cyanine dyes. By doing so, we strived to find the key 
alterations that make the dyes brighter, have tighter binding, or show affinity 
towards a certain nucleic acid. The study from Paper III describes the synthesis 
of one of the gold nanoclusters included in the study and mechanism behind the 
pH sensing activity.  
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5.2 SYBR Green related cyanine dyes  

5.2.1 Synthesis of cyanine dyes 

The precursors for the cyanine dyes’ synthesis were synthesized according to the 
published protocols. The quinoline synthesis was firstly followed by a patent of 
Ying.168 Methylcarbostyril was mixed with 4-iodobenzene to allow the Ullman 
coupling (FIGURE 15) to happen between the two. Later on, the same synthesis 
route was used to synthesize the quinolines with substituents and the pyridine 
equivalent. The benzoxazolium used was synthesized from store-bought 
benzoxazole with amine methylation using methyl p-toluene sulfonate.169 The 
same step was used to synthesize the thiazolium derivates without a benzene 
ring. Benzothiazolium was synthesized from 4-chloroaniline and potassium 
ethyl xanthate; after the initial reaction, sulfur was methylated with iodomethane, 
and the final step was N-methylation as described above. 
 

 

FIGURE  15.  Ullman coupling reaction mechanism.170 

 
With the precursors synthesized, the dye synthesis was done according to the 
classical method of combining two quaternary amine salts. The first step was to 
chlorinate the synthesized quinoline to form the amine salt. Then, the quinoline 
salt and either thizolium derivates or benzoxazolium were combined for the 
cyanine condensation reaction. This reaction yielded the chlorinated dye and 
either trace amounts of methanethiol dye or around 5% yield. Lastly, a 
substitution of the chloride with dimethylamine was performed. The same 
synthesis route was applied to all derivates with and without substituents 
(FIGURE 16). Yields of the synthesis varied from 3.1% to 35.1%. 
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The PEGylation of the phenol for the PEG dye was done according to the method 
by Nguyen et al.171 Triethylene glycol monomethyl ether was used in this study 
and will be referred as PEG. First, the PEG needed to be tosylated so that the 
PEGylation of 4-iodophenol was possible. After PEGylation, the quinoline 
synthesis was performed as described above.  

Even though the synthesis procedure was proven to be quite versatile, and 
we were able to synthesize over 10 novel dyes using the procedure, it did not 
work for all planned dyes. For Article IV, we had several other dyes planned, 
apart from dyes 14-16 (FIGURE 16), but their synthesis was not successful.  

FIGURE  16.  Synthesis route, which was used to synthesize all dyes covered in Articles I, 
II and IV, where a) is 1,2-DCE and POCl3, b) is DCM and Et3N and c) HNMe2 
and ACN. 
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FIGURE  17.  Structures of attempted cyanine dye derivates. 

To synthesize the dyes presented in FIGURE 17, the general synthesis route was 
tried first. When the attempts failed, protecting groups were taken into to the 
synthesis. For both the tosylate and BOC, the protecting groups were added to 
the prepared quinoline intermediate. Since that did not seem to work, they were 
added as the first step of the synthesis when preparing the quinolines. 
Unfortunately, the synthesis still did not work and even with the protecting 
groups and several attempts, dyes 17 and 18 were not detected in MS studies, not 
even in trace amounts. For the pyridine dye 19, it seemed reasonable to try 
protection with a methyl group since it would give the dye an additional charge, 
which had been previously proven to improve the quantum yield of 
monomethine dyes.95 But the additional charge also prevented the synthesis, and 
no product was observed. The alternative synthesis route was tried as a last resort. 
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This protocol did not use POCl3, which was suspected to cause the problems in 
the synthesis of these substituted dyes since it is reactive towards primary 
amines172 and alcohols.173 In this route, quinoline and the benzoxazolium were 
mixed in the first step. Adding DIPEA and trimethylsilyl trifluoromethyl 
sulfonate in inert conditions at 0 °C started the synthesis. After short refluxing at 
40 °C, the mixture was cooled with ice and water was added dropwise. After 
extraction, the desired product should be collectable from the organic layer, but 
the synthesis did not work with the pyridine substituent.174 

Growing the crystals and the single crystal X-ray diffraction (SCXRD) 
analysis were performed by our collaborators. From the start, obtaining suitable 
crystals was ruled to be quite hard. The amount of dyes available for this was 
very low, and at least in some cases, even with careful purification, impurities 
distracted the process. Therefore, an additional washing step was used. The 
water solution of NaBH4 was used to perform the extraction step in hopes of 
purifying the sample and changing the counter ion from chloride to a bigger ion 
to help the crystal form. Although the ion exchange did not happen, it did purify 
the samples and some of the dyes formed crystals after this treatment. It did not 
work for all, however. Crystals were grown from a mixture of organic solvents 
via the slow evaporation method. 

5.2.2 Molecular modeling 

With the structural modifications and analyzing the photophysical data (below), 
the interaction between the dyes and DNA cannot be fully understood. The main 
forces of how the binding happens is not known from the steady state data. 
Hence, molecular modeling studies were conducted by our collaborators to gain 
more knowledge on the phenomena underlying the observable photophysics. 
Dyes with known X-ray crystal structures were chosen for this study due to their 
confirmed conformations. In the MD simulations, dyes are seen to explore the 
different regions of the DNA double helix, but the preferred binding site is the 
minor groove (FIGURE 18). This was a very interesting result since it was 
commonly accepted that the SYBR Green related dyes are intercalators.25,28 
However, our study showed no intercalation in any conditions. Furthermore, we 
were able to confirm that the great turn-on type of fluorescence arises from the 
rigidity of the dye molecule when bound with DNA. The main interactions with 
the dyes and the DNA were π-lone pair, π-sulfur bonds, and hydrogen bonding. 
These molecular modeling studies were extremely important, as we were able to 
better understand how the supramolecular relationship between the dyes and 
DNA happens and what kind of interactions are present. This enabled further 
studies with the intention to improve the binding properties to see if tighter 
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binding would enhance the rigidity of the dye, as well as the brightness of the 
complex.  

 

FIGURE  18.  Molecular modeling studies showed the main weak interactions between the 
dyes and DNA in the minor groove. Reproduced from Article II with 
permission from Elsevier. 

5.2.3 Fluorescence and Uv-Vis spectroscopy  

To investigate the synthesized products and compare the structural changes in 
mind of the actual purpose of the dyes, a series of photophysical studies was 
conducted. To ease the comparison, the stock solutions of each dye were made 
with the same concentration, 19.6 mM in DMSO. 
A series of titrations was performed for dyes in the UV-Vis setup. First, the stock 
was diluted in 1:1000 in either ethanol, TE buffer, or DNA in TE buffer solution, 
depending on which titration was to be performed. Usually, 2000 µl of the chosen 
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solvent (EtOH, TE buffer or DNA-TE buffer) was used as the blank, and then the 
concentration of the dye was gradually increased to obtain at least six data points. 
When measuring the fluorescence in DNA solutions, the concentration of DNA 
was kept constant and in high excess to ensure all dye molecules could bind the 
DNA. From this data, both the basic absorption spectra and molar absorptivities 
were plotted. Basic absorption plots were drawn directly from the data set, 
absorbance plotted against the wavelength or normalized by dividing all 
absorbance values with the maxima, respectively (FIGURE 19). To get the molar 
absorptivities, the absorption maxima of each six data points were plotted against 
the dye concentration of the relevant data point. From this, according to the Beer-
Lambert law (1), the molar absorption coefficient can be extrapolated as the slope 
of the plot. This was conducted in the same manner for each solvent used to 
investigate the effect of solubility of the dyes.  
 

 

FIGURE  19.  Example of normalized steady-state data from Article II, A) absorption and B) 
emission. Reproduced from Article II with permission from Elsevier. 

Titrations were also performed with a fluorometer. Similar to the UV-vis 
titrations, one titration was made with 2000 µL high excess of the DNA solution 
and adding dye to this solution, gradually exciting the fluorescence emission 
with unique maxima for each dye and vice versa to measure the excitation. From 
this data, the basic spectra either normalized or with relative intensity was drawn. 
Plotting the emission intensity against the concentrations was done to ensure that 
the internal effects did not affect the emission intensity drastically when moving 
on to the following titrations. This data was also used in the Scatchard plot 
estimation (FIGURE 20b). 

Next, to investigate the binding according to the McGhee von Hippel 
model156 (functions (6) to (11)), DNA concentration was restricted to 0.52 µM and 
increasing the dye concentration gradually resulted in saturation points, where 
all the available DNA binding spaces are occupied with dye molecules. This data 
with the excess DNA data were used to draw the Scatchard plots according to 
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the model to gain estimates of the DNA binding site size and the binding affinity 
(FIGURE 20). 
 

 

FIGURE  20. a) Emission of the dyes with limited DNA available for binding. b) Emission of 
the dyes with excess DNA. c) Example of Scatchard plots after processing the 
data from plots a) and b) according to the McGhee von Hippel model. 
Reproduced from Article I with permission from Royal Society of Chemistry. 

 
Finally, to determine the quantum yields (QY), both the UV-Vis and fluorescence 
spectroscopy were combined. Again, titrations with excess DNA and increasing 
dye concentrations were performed, but this time, a specific excitation 
wavelength was used for both the sample and the standard (fluorescein) so that 
the values would be comparable. From the same sample, both absorbance and 
the emission were recorded. According to the functions (2) to (5), integrated 
emission was plotted against the absorbance at the excitation wavelength. The 
slopes of these plots were then used to calculate the quantum yields with the 
function (5). With the quantum yields and the molar absorption coefficients, 
brightness can be calculated. Brightness describes in a single number the ability 
of the dye to absorb and eventually emit the photons; hence, it can be used to 
compare the dyes with just one number.  
 

Table 1. Photophysical data of the five best novel dyes and commercial dye SYBR Green I.  

Dye OxN-OMe OxN PyrON ThzN OxN-PEG SYBR Green I 

λexc (nm) 464 464 436 488 463 497 

λemi (nm) 492 492 465 515 493 520 

Stoke's Shift 
(nm) 28 28 29 27 30 23 

εmax (Ethanol) 
M−1 cm−1 77900 ± 300 73600 ± 600 68410 ± 500 56900 ± 300 26900 ± 150 43 300 

εmax (ctDNA) 
M−1 cm−1 49800 ± 500 47300 ± 200 36100 ± 740 36500 ± 300 20300 ± 200 29 500 

Φf (%) ~100 % ~100 % ~100 % 68.1 % ~100 % 80 %108 

Brightness 
(M−1 cm−1) 49800 47300 36100 24900 20300 23600 
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With all this data, from over 10 novel monomethine cyanine dyes, some trends 
could be seen. Firstly, the heteroatoms play a key role when it comes to the 
photophysical qualities of these dyes. We systematically studied the 
chromophores of SYBR Green I and II. One main difference in the chromophores 
is that SYBR green I has benzoxazolium moiety and SYBR Green II has 
benzothiazolium moiety, respectively. The only difference in these two are the 
change from oxygen (benzoxazolium) to sulfur (benzothiazolium) (FIGURE 21). 
Our dyes also had shorter versions of the so-called arms from the SYBR dyes, 
dimethylamine from SYBR Green I and methanethiol from the SYBR Green II. 
Combining these, we designed four new dyesI, which we could compare with as 
small as one heteroatom change. Oxygen compared to sulfur, (oxazolium vs. 
thiazolium), gave a much better response with DNA in terms of the emission 
intensity and binding properties. Oxygen in this position enhanced the 
photophysical qualities drastically, as seen in Table 1, OxN compared to ThzN. 
Changing sulfur (ThzN) to oxygen (OxN) greatly improved the quantum yield 
and therefore the overall brightness of the dye. Similarly in the arm position in 
the quinoline moiety, nitrogen was a better option than sulfur, respectively.  
 

 

FIGURE  21.  General structure of the dyes with different moieties highlighted. Reproduced 
from Article II with kind permission from Elsevier. 

In our next study, we changed the size of the chromophore to see if smaller dyes 
would have tighter binding since they would need smaller spaces in already tight 
binding sites of DNA. Thiazolium derivates without the phenyl ring (dyes 
QuinoS, QuinoN and QuinoN-2) and dyes with pyridine moiety instead of 
quinoline (dyes PyrON and PyrN) were designed and synthesized. We were able 
to further confirm that the benzoxazolium enhances the photophysical qualities, 
such as quantum yield and with that the emission intensity, compared to the 
thiazolium derivates. In fact, removing the phenyl ring from the thiazolium 
moiety almost completely shut down the emission intensity. Removing the 
benzene ring from the quinoline moiety also lowered the intensities, but not as 
drastically. For the pyridine derivates, the quantum yields and brightnesses were 
still high, making these dyes suitable for further studies. 

After the MD simulations, the goal was to improve the binding properties 
of the dyes, as well as the water solubility of the dyes. The water solubility aspect 
was found to be important since previously,I,II it had been shown that the dyes 
give the highest molar abosrptivities in organic solvents, whereas in water 
solutions, a significant drop is seen. This hints that some aggregation or 
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participation may happen, preventing the full potential of the dye usage. 
Aggregation is a well-known phenomena with cyanine dyes, and it can cause 
spectral shifts and fluorescence quenching. With ionic dyes, the aggregation can 
happen due to the hydroscopic interactions.175 Since the main interactions with 
the dyes and DNA were determined to be hydrogen bonding and π-lone pair 
bonds, reaching these two goals simultaneously seemed like an intriguing goal. 
However, the enhancement of water solubility was not observed, but additional 
oxygen containing groups, methoxy and PEG, did enhance the binding 
properties. Tighter binding did not automatically mean higher brightness. The 
OxN-PEG had significantly tighter binding affinity compared to every other dye, 
but it did not have the greatest brightness even though the additional functional 
group did not alter the quantum yield at all. The short methoxy also improved 
the binding affinity along with absorption, and since it was able to absorb light 
more efficiently, it is also the brightest of our dyes thus far. Including new 
substituents in the terminal phenyl group does not work with all substituents. 
While the oxygen containing groups performed well throughout the study, 
amine (OxN-NMe2) in this position shut down the emission almost completely 
even when the molar abosrptivities were at an all-time high for our dyes. Lastly, 
we also wanted to study the RNA activity of the dyes.  
 

 

FIGURE  22.  Normalized emissions of selected dyes with DNA and RNA. Normalization 
has been done for all dyes with the emission of the dye with the highest 
intensity (OxN-OMe with DNA and OxN with RNA, respectively) to 
investigate if any trends can be observed. Reproduced from Article IV. 

Similar to studies with DNA, our two best dyes, OxN and OxN-OMe, performed 
the best with RNA as well. OxN-OMe shows a bit higher intensity with DNA 
compared to OxN, as the brightness studies suggested. OxN has a bit higher 
intensity with RNA, respectively. Both these novel dyes outperform the 
commercial dyes, SYBR Green I and II, with both DNA and RNA. SYBR Green II 
exhibits great affinity towards RNA and the intensity with RNA is almost as high 
as our dyes. Also, the same thiazolium moiety containing the novel dye PyrN, 
shows higher intensity with RNA compared to DNA. Meanwhile, the same dye 
but with oxazolium moiety, PyrON (change from sulfur to oxygen), shows 
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higher intensity with DNA. This clearly shows how small changes can shift the 
behavior of the dyes completely. This result also indicates that it could be 
possible to identify the RNA-specific sites in the dyes with long-term structural 
studies. Here, dyes with sulfur in their structures show affinity towards RNA. A 
similar notion was made by Lu et al.,113 who reported a RNA-specific 
monomethine dye with thiazolium moiety and an additional styryl group that 
also contained sulfur. 

5.3 Range adjustable pH sensing with gold nanoclusters 

In this study,III we investigated, together with our collaborators, the complex of 
fluorescent dyes and different-sized gold nanoclusters and how the pH alters the 
fluorescence of it. I prepared the Au102(P-MBA)44 cluster for the study. It is an 
ongoing study to make a complex of a gold nanocluster and cyanine dye to be 
used in virus studies; hence, this research provided great background knowledge 
regarding the behavior of gold nanoclusters with a fluorescent probe.   
 

 

FIGURE  23. a) Illustration of the electrostatic interaction between the gold nanocluster and 
the KU dye in a different pH. b) Relative intensity of the emission in pH 10 
against the molar ratio of Au to KU. c) Relative intensity of the emission of the 
complex as the function of pH in molar ratio Au/Ku = 2. Reproduced from 
Article III with kind permission from Royal Society of Chemistry.  

The gold nanoclusters and KU dye form a complex through electrostatic 
interactions (FIGURE 23a.). When the pH changes, this interaction also changes 
since the gold nanocluster can protonate and lose the negative charge, 
subsequently breaking the complex and enhancing the emission intensity when 
KU dye is freed from the complex.  

5.3.1 Synthesis of gold nanoclusters  

Au102(p-MBA)44 was synthesized with the modified Brust-Schiffrin72 method as 
previously described.176,177 Water solutions of Gold (III) chloride and p-MBA 
were prepared with Elga water, and a small amount of 10 mM NaOH was added 
to the p-MBA solution. Water, methanol, and some of the water solutions 
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prepared were added to a plastic bottle. This solution was mixed at room 
temperature for exactly 20 hours. Then NaBH4 was added, and the mixture was 
stirred for an additional five hours. Methanol was added until the volume of the 
mixture was 800 ml. To this solution, a 5 M NH4OAc-solution was added, and 
the mixture was stirred vigorously. For the work-up, the resulting mixture was 
divided into 50 mL centrifuge tubes and the tubes were centrifuged at 3500 rpm 
for five minutes. The solution was decanted, and the resulting participates were 
allowed to dry in air. Each participate was dissolved in a small amount of Elga 
water and combined to four tubes. For each tube, a 5 M NH4OAc solution was 
added, following the addition of methanol until the volume reached 45 mL, and 
these tubes were again centrifuged at 3500 rpm for 10 minutes. The solution was 
decanted and participates were allowed to dry. The participates were dissolved 
in a small amount of Elga water and combined. To this solution, some 5 M 
NH4OAc was added, following the addition of methanol. The resulting mixture 
was centrifuged at 3500 rpm for 12 minutes. The solution was decanted to a new 
tube, and methanol was added until the volume reached 45 mL. The tube was 
centrifuged at 3500 rpm for 15 minutes. The solution was discarded, and the 
resulting black solid was allowed to air dry. 
The purity of the product was evaluated with polyacrylamide gel electrophoresis 
(PAGE) by comparing a known sample of Au102 to the synthesized clusters. To 
further confirm that the product was Au102(p-MBA)44 , the absorption spectra of 
the sample was compared to a known spectrum of Au102 gold nanocluster. 

The synthesis also had an additional purification step of the p-MBA with 
column chromatography, using 10% MeOH/DCM as an eluent due to the 
purchased starting material being only 90% pure and the synthesis did not work 
with the impurities. This highlights the difficulty of the gold nanocluster 
synthesis – the procedure may seem simple, but if it is not followed exactly, it 
will not produce atomically precise gold nanoclusters. Hence, the mixing times, 
purity, pH and the ratio of the materials are crucial to acknowledge in the 
procedures.  Improved and further developed fractional precipitation was used 
to purify the gold compounds.176,177  
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6 CONCLUSIONS  

The background of this study originated from the collaboration that aimed to 
produce fluorescent probes capable of detecting viral RNA when the virus 
releases the RNA to an infected cell. For this reason, the brightness of the dye 
molecules was a key interest throughout the research since the amount of the 
viral RNA among other nucleic acid materials in the system is relatively low. Also, 
for that reason, the interest towards RNA specificity grew towards the end of the 
study presented here. Commercial dyes targeted for RNA, such as SYBR Green 
II and SYTO RNAselect, are not fully selective towards RNA and their sensitivity 
in complex studies can be an issue. However, it is not only RNA selectivity we 
were interested in. Selectivity towards either DNA or RNA would be a 
breakthrough in the field. To gain knowledge of how the dyes interact with the 
nucleic acids and how it changes the photophysical qualities, studies with double 
stranded DNA were mostly used to get comparable results. These studies could 
then help to pinpoint the important factors to be considered when trying to 
design the selective probe. Hence, more studies regarding the RNA selectivity of 
monomethine cyanine dyes are still needed.  

A comprehensive study of the structural characteristics of the SYBR Green 
related monomethine cyanine dyes were conducted. Several variations to the 
structures of basic cores were made, as little as one heteroatom change, to 
removing whole aromatic rings. We noted that changing the heteroatom at the 
thiazolium moiety from sulfur to oxygen (oxazolium) had the most drastic effect 
on the brightness with DNA. Oxygen in this position enhanced not only the 
brightness, but also the quantum yield and the binding properties of the dye. 
Also, changing the so-called arm from methylthiol to dimethyl amine, from 
sulfur to nitrogen, had the same effect.  

To continue, we were interested to see if the size of the molecule had any 
effect on the photophysical qualities. Hence, we made the dyes smaller by 
removing the phenyl ring from the thiazolium moiety or the quinoline moiety. 
Again, similar trends with the heteroatoms were observed with the smaller dyes. 
Interestingly, removing the phenyl ring from the quinoline moiety did not alter 
the photophysical qualities as drastically as removing it from the thiazolium 
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moiety. The pyridine dyes performed still quite well, even though the brightness 
lowered a bit. The dyes without a phenyl ring at the thiazolium moiety were 
almost completely shut down. The quantum yields of these dyes were below 10% 
and the intensities were barely detectable even in high concentrations. During 
this study, the molecular modeling also suggested that our dyes bind with the 
minor groove of the DNA with hydrogen bonds, π-lone pair bonds, and π-sulfur 
bonds. It was also evident in the calculations that the rigidity of the molecule 
plays a crucial role in the brightness of the probe.  

From the previous results, we modified the terminal phenyl group aiming 
to improve the water solubility and the binding rigidity of the dyes. Also, in this 
study, one heteroatom change was capable of completely shutting down the 
fluorescence of the probe. Simply changing the methoxy group to dimethylamine 
at the terminal phenyl group led to almost completely shutting down the 
emission of the dyes. While both groups enhanced the absorption, only the 
methoxy group also enhanced the emission. Even with the additional possible 
water solubility enhancing groups, including PEG, no evidence regarding the 
improvement of the water solubility was seen. The additional methoxy or PEG 
did enhance the binding affinity towards DNA.  

Lastly, the study of combining a commercial dye with gold nanoclusters to 
the pH of the probe is an important new aspect to consider, as we are moving 
towards multifunctional probes. This study also gave great background on the 
characteristics of the gold nanocluster synthesis and how challenging it can be. 
In this study, the fluorescence of the dye and cluster complex changes according 
to the pH of the solution. The complex is formed by the electrostatic interactions 
of negatively-charged gold nanoclusters and positively-charged KU dye. The 
fluorescence of the dye is quenched when the complex is intact, but changing the 
pH releases the dye from the gold nanocluster surface, enabling the fluorescence 
to occur. Combining the gold nanocluster with cyanine dye is also something to 
consider in the future after the promising results of the pH active complex.  

To summarize, a diligent study regarding the structural alteration of 
monomethine cyanine dyes and the effect of these changes to the photophysical 
and binding properties of these dyes with nucleic acids was conducted. New 
information about the important aspects within the dyes around the fixed core 
was gained. In the future, this information could be used in further developments 
of SYBR Green related monomethine cyanine dyes, and perhaps for other types 
of fluorescent probes to answer the new arising challenges and provide more 
advantageous probes. Investigating the gold nanocluster and fluorescent dye 
complex gave valuable insight about the possibilities that these new fluorescent 
probe complexes possess. Bringing together gold nanoclusters and cyanine dyes 
and or other ligands could provide completely new multifunctional tools to be 
used in biological applications.   
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Systematic study of SYBR green chromophore
reveals major improvement with one heteroatom
difference†

Ville K. Saarnio,* Johanna M. Alaranta and Tanja M. Lahtinen *

Five nucleic acid binding cyanine dyes were synthesized and their

photophysical properties were evaluated. Changing a single heteroa-

tom in the chromophore causes major differences both in brightness

and photostability between the dyes. With such alteration, the bright-

ness of the chromophore increased two-fold compared to the one

found in SYBR Green I.

Detection of nucleic acids using fluorescent probes is an impor-
tant tool for cell and molecular biologists in many different
applications.1 These include visualising DNA using gel electro-
phoresis,2 and imaging RNA in microscopy,3 among others.
Monomethine cyanine dyes are widely used for these purposes
due to their turn-on fluorescence, selective to binding to double
stranded nucleic acids.4 The fluorescence light up is induced by
rigidification of the chromophore after intercalating between
base pairs of a nucleic acid.5,6 As such, dyes with this type of
binding offer highly selective sensing of nucleic acids in cells
over other biomolecules. This class of nucleic acid stain has been
studied vigorously7–9 and as a result, the SYBR family of fluore-
scent probes has become a popular choice for their sensing.10–12

They can be employed for general visualization of nucleic acids,
from electrophoresis gels13 to microscopy applications.14 There
are a few attributes that such fluorescent probes need to exhibit to
be viable for sensing applications. These include high brightness
combined with low background emission, high photostability
under prolonged excitation, and low cytotoxicity if applied
in vivo. In particular, the demand for increasingly bright nucleic
acid sensors continues to increase, as the ambition for imaging
singular biomolecules in a cellular environment grows.15,16

In order to meet this demand, we have synthesized five new
cyanine dyes and evaluated their photophysical properties
(Chart 1). The synthesis of the compounds was conducted

using previously published protocols,17,18 combined with an
additional nucleophilic substitution step, as shown in the ESI†
Scheme S2. Our previous results indicated significant differences
in the dye properties of the heteroatoms in the chromophore;18

in this study, we set out to evaluate those differences. The
examined dyes were varied in structure by changing between
an oxazole and thiazole moiety and varying the 2-substituent
between a mercaptomethyl, dimethylamine or chloride.

Already the absorption and emission spectra of the synthe-
sized dyes exhibited significant differences (Fig. 1a). The lowest
energy absorption maxima of the dyes were found between 455
and 516 nm, differing slightly between solvents. The introduc-
tion of third period heteroatoms seems to decrease the absorp-
tion energy of the dyes as supported by OxN 2 showing the
highest and ThzS 5 the lowest energy of absorption, with other
products found half way between the two. The emission spectra
behave in a similar manner with emission maxima observed at
the region of 492–535 nm when bound to calf thymus DNA
(ctDNA) (Fig. 1b). The excitation/emission spectra for individual
dyes are presented in the ESI† Fig. S9–S13. This lead to Stoke’s
shifts from 16 to 28 nm with OxS 3 being responsible for the
lowest value. Surprisingly, the presence of dimethylamine sub-
stitution (OxN 2 and ThzN 4) seems to increase the Stoke’s shift
compared to the other products OxCl 1 and ThzS 5.

The absorption coefficients (e) of the dyes were evaluated
in three different solvents; tris-EDTA (TE) buffer, ethanol and
100 mM ctDNA in TE buffer (S14–S16, ESI†). No clear relationship

Chart 1 Chemical structure of the studied cyanine dyes.
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between the dye structure and absorptivity was observed, although
the OxS 3 displayed significantly lower e values compared to the
other dyes across all media. In the ThzN 4 compound, the given
absorptivity was lower by 10000 M�1 cm�1, compared to mole-
cules 1, 2, and 5. Generally, compound 2 showed the highest
absorptivity of 73600 M�1 cm�1 in ethanol between the three dyes
and comparable values to the two others in aqueous media. In
order to evaluate which chromophore offers the best brightness,
we determined the quantum yield F of all five dyes, when fully
bound to ctDNA, using fluorescein as a standard (Fig. S17 and
S18, ESI†).19 These values and the other spectral characteristics of
the synthesized dyes are presented in Table 1. The benefit of
maintaining a chromophore consisting of second period elements
becomes apparent once again as the quantum yield of OxN 2 was
determined to be 100%. Compared to this result, replacing one of
the heteroatoms with sulphur in OxS 3 and ThzN 4 resulted in the
quantum yields diminishing significantly, by 24% and 30%,
respectively. Ohulchanskyy and co-workers found a similar trend
when evaluating a series of xanthene dyes by varying a heteroatom
between oxygen, sulphur and selenium in the chromophore.20 In
particular, the chlorine atom in the 2-position has a dramatic
effect on the quantum yield. The F value for OxCl 1 was found to
be as low as 18% similar in magnitude to the 14% of two-sulphur-
containing ThzS 5. It is possible, that the chlorine (and other
halogens) atom offers additional pathways for non-radiative
relaxation, perhaps due to the intersystem crossing caused by
the heavy-atom effect inflicted by the substituent. Similar observa-
tions have been made by Vasilev et al.,21 who synthesized a series
of halogen-containing thiazole orange (TO) derivatives, where

increasing inclusion of halogens on the chromophore led exclu-
sively to lower quantum yields. In general, the trend towards
favouring second period elements to maximize the brightness
seems evident among the synthesized dyes.

Next, to establish the stability of the dyes in practical use, we
exposed them to a microscope light source, i.e. a 3300 K
halogen lamp of 22 mW cm�2 light intensity. The use of such
a light source not only provided a sufficient timeframe for
observing dye decomposition but also gave a reasonable source
of maximal excitation light that the dyes would experience in
daily use. However, this also led to some differences in the
amount of light absorbed depending on the absorptionmaximum
of the dye, as demonstrated in Fig. S19 (ESI†). The photobleaching
of the dyes was then followed over time, by measuring dye
absorbance at different points of time and fitting exponential decay
functions to observed absorption maxima, as shown in Fig. 2a and
b. While measuring fluorescence would have granted higher sensi-
tivity to the photobleaching, the non-fluorescent state of the dyes in
TE Buffer (Fig. 2a) would have gone unmeasured in addition to a
solution of ctDNA (Fig. 2b). We observed that the differences in the
dye half-lives are remarkable between each other and different
media (Table 2). Surprisingly, the OxCl 1 dye exhibits the highest
photostability among the examined molecules in both media. The
ThzN 4 on the other hand was highly unstable compared to the
other dyes. In general, the dyes have significantly different half-lives
free in solution and bound to ctDNA. As expected, the dyes
decompose faster in the TE buffer compared to the ctDNA solution.

Free in solution, the observed values varied between 0.5–6.3 h,
increasing to 1.6–36 h when DNA bound. Interestingly, the oxazole

Fig. 1 (a) Normalized absorption spectra of the dyes in 19.6 mM concentration in ethanol. (b) Normalized emission spectra of the dyes in 100 mM ctDNA
in TE Buffer.

Table 1 Spectral and brightness related parameters measured for the studied dyes

Dye OxCl 1 OxN 2 OxS 3 ThzN 4 ThzN 5

lexc (nm) 491 464 487 488 514
lemi (nm) 511 492 503 515 535
Stoke’s shift (nm) 20 28 16 27 21
emax, TE (� 103 M�1 cm�1) 59.5 � 0.4 56.5 � 0.8 16.0 � 0.3 35.3 � 1 47.5 � 2
emax, EtOH (� 103 M�1 cm�1) 60.7 � 0.9 73.6 � 0.6 25.7 � 0.3 56.9 � 0.3 65.4 � 1.1
emax, ctDNA (� 103 M�1 cm�1) 42.0 � 0.3 47.3 � 0.2 18.0 � 0.3 36.5 � 0.3 49.1 � 0.1
Quantum yield F (%) 18 100 76 68 14
Brightness (M�1 cm�1) 7600 47 300 13 700 24 800 6900
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moiety benefits from binding to nucleic acids notably more,
compared to thiazole containing products. In particular, OxS 3
that decomposes rapidly in TE Buffer, experiences a 50-fold
increase in its half-life after binding to its target. The thiazole
derivatives 4 and 5 only stabilized by 3.2-fold and 3.75-fold,
respectively. While dyes 1 and 2 were already the most stable in
TE buffer, the enhancements to photostability were further
improved by 5.7-fold and 11.2-fold, respectively. The knowledge
of stability in both media is highly important, as the dyes are
constantly interchanging between bound and unbound states in
solution.

To better understand the differences between dyes in their
nucleic acid binding, we conducted two fluorescence titration
experiments; one with a limited amount and the other with
a high excess of ctDNA available for binding (Fig. 2c and
Fig. S24b, ESI† respectively). From the relative fluorescence
between the two experiments, it was possible to determine both
the binding constant (Ka) and the number of nucleic acid base
pairs required to accommodate a single dye molecule (n). This
was made possible by employing the theoretical model of DNA–
protein interactions developed by von Hippel and McGhee
elucidated in more detail in our previous work.18,22 The proces-
sing of the obtained data produced a Scatchard plot (Fig. S24c,
ESI†) that enabled the fitting of the McGhee and von Hippel
equation for non-cooperative binding to obtain values for Ka,
n and subsequent determination of the Gibbs free energy of
binding involved (DG0, Table 2). The currently accepted model of

nucleic acid binding for SYBR family (and TO related) compounds
is, that the quinoline moiety intercalates between base pairs, and
the indole moiety binds through electrostatic interactions to the
phosphate group while the 2-substituents settle along the minor/
major groove.23,24

As the synthesized dyes had a high structural similarity, we
did not expect major differences among the dyes to be observed
in the binding values. As expected, the binding site size between
dimethylamine and methylthiol substituted dyes differs, as the
extra methyl group on the amine requires additional space in
binding. The effects to the binding energy of this structural
change are similar between the two comparing pairs (2 vs.
3 and 4 vs. 5); this change leads to a decrease of 1.5 kJ mol�1

and 2.3 kJ mol�1, respectively. Curiously, also the changes from
oxazole to thiazole had a significant effect on the binding energy.
Comparing the binding energies between the two derivative pairs
(2 and 4, 3 and 5) the DG0 is found to differ by 0.9 kJ mol�1 and
1.7 kJ mol�1, respectively. These changes can be contributed to
the change of both to the electronegativity of the heteroatom, as
well as to the weak binding provided by the additional methyl
group in the first pair. In the case of the latter comparison pair,
the differences are solely heteroatom derived. Subtracting the
difference of the latter pair from the former yields 0.6 kJ mol�1 in
both cases, giving a realistic estimate of the contribution of a
single methyl group to the binding energy. However, another
series aimed towards confirming that this estimate should be
conducted. The effect on the binding energy due to the change

Fig. 2 Exponential decay functions fitted to the relative decrease of the initial absorption at the maximum wavelength over time in (a) TE Buffer and
(b) 200 mM ctDNA. Data can be derived from Fig. S20 and S21 (ESI†). (c) Fluorescence emission maxima plotted with increasing dye concentration in
0.52 mM ctDNA solution at room temperature derived from Fig. S22 (ESI†).

Table 2 Collection of parameters involved in photostability and ctDNA binding of the dyes

Dye OxCl 1 OxN 2 OxS 3 ThzN 4 ThzS 5

Ka (� 106 M�1) 1.4 � 0.04 8.5 � 1.5 4.6 � 1 5.8 � 0.4 2.3 � 0.1
n (bp) 4.3 � 0.3 3.4 � 0.4 1.6 � 0.1 2.1 � 0.12 1.7 � 1
DG0 (kJ mol�1) �34.6 �39.0 �37.5 �38.1 �35.8
t1/2, TE (h) 6.3 2.9 0.6 0.5 2.4
t1/2, 200 mM ctDNA (h) 35.9 32.4 29.8 1.6 9.0

Journal of Materials Chemistry B Communication

O
pe

n 
A

cc
es

s A
rti

cl
e.

 P
ub

lis
he

d 
on

 0
8 

A
pr

il 
20

21
. D

ow
nl

oa
de

d 
on

 4
/1

1/
20

23
 1

0:
56

:0
8 

A
M

. 
 T

hi
s a

rti
cl

e 
is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

Li
ce

nc
e.

View Article Online



This journal is © The Royal Society of Chemistry 2021 J. Mater. Chem. B, 2021, 9, 3484–3488 |  3487

from thiazole to oxazole can be explained by the electronega-
tivities of the other heteroatom present in the 2-position. Oxygen,
nitrogen and sulphur have electronegativities of 3.44, 3.04, and
2.58 in the Pauling scale, respectively. An oxygen atom in the
oxazole is able to draw a greater amount of electron density from a
sulphur atom vs. a nitrogen that is more negatively charged. As
the DNA bases are electronegative in nature, it is logical that
depleting the intercalating molecule of electron density would
increase the binding affinity, as was observed. Furthermore, by
examining the electronegativity difference between the hetero-
atoms in the comparison of 2 and 4, as well as 3 and 5, we found a
relation to the binding energy differences between the two pairs.
Multiplying the 1.7 kJ mol�1 with the electronegativity difference
gives 0.8 kJ mol�1, very close to the 0.9 kJ mol�1 value of the 2 and
4 pair. The low binding energy determined for OxCl 1 also
supports this notion, although part of this might be due to
chlorine hindering the intercalation itself, as observed with the
high n value for the compound. The idea of manipulating electron
density in the intercalating part of the molecule to increase target
binding warrants high interest when designing new molecules in
the future.

To summarize, in this work, we set out to synthesize five
nucleic acid binding cyanine dyes with different heteroatomic
constitutions in order to evaluate their photophysical properties.
The molecules were designed so that the effects of single atom
differences in the chromophore could be evaluated. In addition
to the determination of the brightness related parameters, also
the photostability, binding energy, and binding site size with
ctDNA were established for all dyes. Among the evaluated
products one dye, OxN 2, showed outstanding performance
compared to the others. These properties include brightness of
47300 M�1 cm�1, �39 kJ mol�1 binding energy, and over 32 h
photobleaching half-life in complex with ctDNA, coupled with a
28 nm Stoke’s shift. Generally, the introduction of second period
heteroatoms (S and Cl) seemed to decrease the performance in
all aspects compared to OxN 2. In particular, the introduction of
the chlorine (1) or two sulphur atoms (5) had a dramatic effect
on the quantum yield of the dyes, albeit the photostability of 1
was the best among the compounds herein. The binding studies
on the synthesized molecules indicated a benefit from introduc-
ing more electronegative elements to the intercalating moiety in
the dyes. As researchers aspire towards the detection of dimin-
ishing amounts of nucleic acids in many biological contexts, the
demand for increasingly sensitive probes rises. While another
approach to this problem has been preparing artificial nucleo-
sides with fluorescent properties, this method requires always
synthetically altering the nucleic acid strand in question.25

Intercalating turn-on fluorescent probes offers a universal
solution for all solution based nucleic acid detection. The
molecules presented in this work should be applicable in a
similar manner to the SYBR family dyes in imaging and other-
wise. This is why such probes with continuously improving
photophysical properties are highly enticing and hence, under-
standing the underlying patterns leading to the best possible
results should be of interest to every chemist, biochemist and
biologist involved in their use.
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fruitful discussion.
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Tailoring the interaction between a gold
nanocluster and a fluorescent dye by cluster size:
creating a toolbox of range-adjustable pH sensors†

Kyunglim Pyo,a Maŕıa Francisca Matus, b Sami Malola,b Eero Hulkko,a

Johanna Alaranta,a Tanja Lahtinen, *a Hannu Häkkinen *ab

and Mika Pettersson *a

We present a novel strategy for tailoring the fluorescent azadioxatriangulenium (KU) dye-based pH sensor

to the target pH range by regulating the pKa value of the gold nanoclusters. Based on the correlation

between the pKa and surface curvature of ligand-protected nanoparticles, the pKa value of the gold

nanoclusters was controlled by size. In particular, three different-sized para-mercaptobenzoic acid (p-

MBA) protected gold nanoclusters, Au25(p-MBA)18, Au102(p-MBA)44, and Au210–230(p-MBA)70–80 were

used as the regulator for the pH range of the KU response. The negatively charged gold nanoclusters

enabled the positively charged KU to bind to the surface, forming a complex and quenching the

fluorescence of the KU by the energy transfer process. The fluorescence was restored after adjusting the

surface charge of the gold nanocluster by controlling the solution pH. In addition, the KU exhibited

a significantly different pH response behaviour for each gold nanocluster. Au210–230(p-MBA)70–80 showed

a higher pH response range than Au102(p-MBA)44, which was intuitive. However, Au25(p-MBA)18 showed

an unexpectedly high pH response behaviour. pKa titration measurement, molecular dynamics

simulations, and essential dynamics analysis showed that small nanoclusters do not follow the scaling

between the curvature and the pKa value. Instead, the behaviour is governed by the distribution and

interaction of p-MBA ligands on the nanocluster surface. This work presents an effective design strategy

for fabricating a range adjustable pH sensor by understanding the protonation behaviour of the

ultrasmall gold nanoclusters in an atomic range.

Introduction

Due to the connection between the pH and many chemical
processes, pHmeasurement plays a vital role in a broad range of
applications, such as environmental, industrial, chemical, and
biomedical elds.1–4 For that reason, enhancing the accuracy of
the pH measurement and fabricating a suitable pH sensor has
become an essential task in scientic research. Especially for
intracellular pH measurements, it is crucial to develop a highly
sensitive method to measure the small pH changes in a wide pH
range. Intracellular pH controls cellular processes such as cell
metabolism, apoptosis, and proliferation, making it extremely
important to be strictly regulated in organelles.5–10 Even a small
pH change could dramatically trigger an inappropriate cell

function, as observed in some common diseases such as cancer
and Alzheimer's.11,12

Optical pH sensors have many advantageous properties,
such as ease of transport, need for low concentration of the pH
indicator, high sensitivity and spatial resolution, and the non-
invasive nature. Fluorescence-based indicators such as
organic dyes have been the most studied materials for optical
sensors because of their high sensitivity and brightness.13–16

However, despite these merits, they suffer from poor solubility,
low photobleaching resistance, and a lack of understanding of
the behaviour towards harsh environments.17,18 Moreover, the
pH detection range for the pH-sensitive uorophore only covers
two pH units. This range depends on the acid dissociation
constant (Ka), which gives a sigmoidal curve in a pH range of pKa

�1. Because of these limitations, the pH-sensitive uorophores
are not ideal for general pH measurements alone, and addi-
tional modications are needed for further use.

There have been some attempts to overcome these limita-
tions by modifying the structure of the dye to adjust the pH
range19,20 or functionalizing various pH indicators (e.g., using
large nanoparticles as carriers), which have different pH
detection ranges to widen the pH range of the sensor.21,22 For
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example, Benjaminsen et al. have formed a triple-labeled sensor
with a pH measurement range of 3.2–7.0, composed of two pH-
sensitive uorophores with different pKa values and a nano-
particle as a carrier.22 These pH sensors have a more extensive
pH detection range, brighter uorescence signals, higher pho-
tostability, and easier functionalization, which provides the
opportunity to introduce various strategies to fabricate uo-
rescent pH sensors. However, there were still drawbacks to this
method. The water solubility of the dye-functionalized nano-
particles would decrease with an increasing number of aromatic
dyes, and thus the level of functionalization has to be
a compromise between the function and the solubility. More-
over, the fabrication method differs for each dye which will
intricate the synthesis steps, lower the yield, and reproducibility
of the nal product with the exact composition of the dyes.
Therefore, it is crucial to distinctly understand the materials'
properties before and aer forming the sensors when designing
a pH sensor. Furthermore, developing a method to freely
control the pH range of the sensor with the least number of
ingredients is signicantly needed.

In our previous report,23 we fabricated a uorescent pH
sensor by covalently binding a pH-independent dye (azaoxo-
triangulenium dye, KU) with an atomically precise and a water-
soluble gold nanocluster (Au102(p-MBA)44; p-MBA ¼ para-mer-
captobenzoic acid) to create a functional hybrid material for
intracellular pH imaging in live cells. The gold nanoclusters act
as both nanocarriers and regulators of the uorescence inten-
sity in the targeted live cells. In acidic conditions, the dye-
nanocluster hybrid is dissociated via hydrolysis of the ester
bond. However, the dye and the nanocluster form a complex by
weak interactions, which leads to quenching of uorescence via
Förster type of energy transfer. Simultaneously, local pH
changes also inuence the surface charge of the p-MBA ligand
of the gold nanoclusters, which modies the strength of the
electrostatic interaction between the dye and the nanocluster,
adjusting the extent of uorescence quenching. Furthermore,
the pH dependency behaviour of the dissociated KU dye and
gold nanoclusters follows the gold nanoclusters' protonation
behaviour, showing a more comprehensive pH range than other
pH indicators. In other words, the functionality of the KU
response on pH is tailored by nanoclusters with a different
protonation behaviour.

In this report, we present a novel strategy for regulating the
nanocluster's pKa value to tailor the KU dye-based pH sensor to
the target pH range. As a starting point, the pKa value is known
to be dependent on the surface curvature of the nano-
clusters.24–26 Large-sized nanoclusters have a low curvature
surface, leading to a more densely packed ligand distribution.
Because of the negative charge of the ligands and the short
distance between the ligands, electrostatic repulsion between
the ligands grows stronger. To reduce the repulsion between the
ligands, the acid–base equilibrium of the ligands tends to shi
to a higher pH and protonate the natively charged groups.
Consequently, the pKa of the large-size nanocluster shis to
a higher pH.

We used Au25(p-MBA)18, Au102(p-MBA)44, and Au210–230(p-
MBA)70–80 (referred further on as Au250(p-MBA)n)27 as the

regulator for the pH range of the KU response. First, a complex
of gold nanocluster and the KU dye was formed in an alkaline
solution. Then the pH response of the KU was measured by
lowering the pH by adding an acid. Three different nanoclusters
showed signicantly different response behaviours. Further-
more, the pKa of each nanocluster was measured by the acid–
base titration measurement. The Au102(p-MBA)44 and Au250(p-
MBA)n showed an intuitively correct difference in the pKa value,
while Au25(p-MBA)18 exhibited an unexpected pKa value.
Therefore, to understand the unique pKa shi behaviour of
Au25(p-MBA)18, molecular dynamics (MD) simulations and
essential dynamics (ED) analysis were carried out to compare
the structural difference of the ligand surface between the small
and large nanoclusters. The results showed that small nano-
clusters do not follow the scaling between the curvature and the
pKa but the behaviour is governed by the distribution and
interaction of p-MBA ligands on the nanocluster surface. This is
the rst study attempting to analyse the pKa value of ultrasmall
nanoclusters and pinpoint what regulates the protonation
behaviour in an atomic range. By understanding the pKa trend
of each nanocluster, it is possible to easily design or modify the
pH sensor by tailoring the nanocluster size. Furthermore, the
use of atomically precise nanoclusters facilitates synergy
between theory and experiments toward paving the way for the
rational design of new probes.

Experimental
Materials

Gold(III)chloride trihydrate (HAuCl4$3H2O, $99.9%), para-mer-
captobenzoic acid (p-MBA, 99%), sodium borohydride (NaBH4,
99%), and ammonium persulfate (APS, $98%) were purchased
from Sigma-Aldrich (Merck). Hydrochloric acid (HCl, 37%) and
methanol (MeOH, 99.9%) were purchased from Honeywell.
Acrylamide/bisacrylamide (bio reagent, 30%) was purchased by
Bio-Rad. Sodium hydroxide (NaOH, $98.5%) was purchased
from VWR Internationals, and etax Aa (anhydrous ethanol,
99.5%) was purchased from Anora Industrial. Glycerol (99.5%)
was purchased from VWR BDH Prolabo. Carbon monoxide (CO,
99.9%) was purchased from Messer Griesheim. The 10� TBE
(Tris–borate–EDTA) buffer for the PAGE separation was home-
made with Trizma base ($99%), borate (99%), and ethyl-
enedinitrilotetraacetic acid (EDTA, pH 8.0). The solution was
sterilized before use. Water was puried by using a Millipore
Elix Essential 3 UV water purication system (15 MU cm). The
azaoxotriangulenium dye (KU) used in the complex studies was
obtained as a courtesy of Thomas Just Sørensen and Bo W.
Larsen from the University of Copenhagen and was used
without further modications. All the chemicals were used as
received without further purication.

Methods

UV-vis absorption and photoluminescence spectra of the
synthesized gold nanoclusters and KU dye were collected with
Horiba AquaLog spectrophotometer. Sample solutions were
measured at ambient conditions using quartz uorescence
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cuvettes from Hellma. Fluorescence emission spectra were
measured aer exciting the sample at 500 nm wavelength.

Transmission electron microscopy (TEM) samples were
prepared by drop-casting 2 mL of the aqueous solution of clus-
ters on a glow discharged 400 mesh lacey carbon copper grid
(01824, Ted Pella). The solution was let to adsorb for 10 min,
aer which the excess sample was removed and washed with
water and methanol. The grids were allowed to dry for more
than 2 h at room temperature before imaging. Au25(p-MBA)18
was measured with 120 kV high voltage, Au102(p-MBA)44 and
Au250(p-MBA)n were measured with 80 kV high voltage. All
samples were imaged with JEOL electron microscope (JEM-
1400). The size of the nanoclusters was analysed by using
ImageJ. The isolated gold nanoclusters were run through poly-
acrylamide gel electrophoresis (PAGE) by Mini-PROTEAN Tetra
Cell (Bio-Rad) to verify the purity of the prepared samples. The
PAGE was run on homemade 15% polyacrylamide gel (29 : 1
acryl-amide : bisacrylamide) using a 1� TBE run buffer at 130 V
for 2 h. The PAGE gel was imaged using an iPhone 13 pro
camera.

Synthesis of gold nanoclusters (Au25(p-MBA)18, Au102(p-
MBA)44, Au250(p-MBA)n)

Au102(p-MBA44) and Au250(p-MBA)n were obtained by following
a previously published procedure.27,28 Au25(p-MBA)18 was
synthesized by a reported protocol with minor modications.29

In a typical synthesis, 50 mM HAuCl4$3H2O (5 mL) and 50 mM
p-MBA aqueous solution (in 10 mL of 150 mM NaOH) were
added into 235 mL of ultrapure water in a 500 mL Erlenmeyer
ask during vigorous stirring. Aer stirring for 10 min, the pH
of the solution was adjusted to 11.0 by adding 1 M NaOH
aqueous solution, which made the solution turn clear yellow.
Aer stirring for 30 min, CO gas was bubbled into the reaction
mixture for 2 min (1 bar) for reduction. The reaction was kept
air-tight for more than 3 days under stirring until the solution
showed a reddish-brown colour. Before further process, the
bulk solution was observed with UV-vis spectra to verify the
existence of Au25(p-MBA)18 in the solution. The product solution
was then rotary evaporated to near dryness (water bath 40 �C).
Aer that, 15 mL water was added to dissolve the dried product.
Then 15 mL of ethanol was added to induce precipitation of
large-sized nanoclusters. Aer transferring the solution to
a 50 mL conical tube, the precipitant was collected by centri-
fugation (3500 rpm for 3 min), and more ethanol (10 mL) was
added to the supernatant to induce additional precipitation of
Au25(p-MBA)18. This process was repeated until the supernatant
was clear, and each collected products were washed with
ethanol and dried in air. The fraction containing Au25(p-MBA)18
cluster was further puried by PAGE separation.

KU uorescence quenching measurement

To observe the effect of the bound gold nanoclusters on the KU
dye, the uorescence intensity of the KU dye was measured
while adding gold nanoclusters to the KU solution. In detail,
1.5 mL of KU dye (0.41 mM) and 1 mL of Au25(p-MBA)18 solution
(18 mM) were prepared in pH 10 solution. A small volume of gold

nanoclusters (<10 mL) was carefully added to the KU solution
and thoroughly mixed with a glass pipette. The solution was
excited at 500 nm wavelength, and the uorescence intensity
was read at 554 nm. The gold nanocluster was added until the
KU intensity was quenched completely. The mole of the nano-
cluster was calculated based on the added volume. The mole
amount of Au25(p-MBA)18 was divided by the KU mole to
calculate the molar ratio. The KU intensity measurement for
Au102(p-MBA)44 and Au250(p-MBA)n was performed by a similar
procedure. The KU dye concentration was prepared lower than 3
mM to avoid quenching behaviour by the high concentration.
Moreover, to avoid the effect of the concentration changes by
the added nanocluster solution, the gold nanocluster was
prepared in a very high concentration.

Preparation of the gold nanocluster and KU complex

Based on the concentration of the KU dye, the gold nanocluster
was added to the solution, and the concentration of the KU dye
was calculated by using the extinction coefficient value. 2 mL of
1.0 mM KU dye solution and 2 mL of 0.5 mM of Au25(p-MBA)18
solution were prepared in pH 10 aqueous solution. 1 mL of each
solution was mixed to form a complexation. ([molAu]/[molKU] ¼
2) KU complex with Au102(p-MBA)44 and Au250(p-MBA)n was
prepared with the same method. The concentration for the KU
dye was less than 3 mM.

Acid–base titration measurement of Au25(p-MBA)18 and
Au250(p-MBA)n nanoclusters

The protonation–deprotonation behaviour of the gold nano-
clusters was studied using regular acid–base pH titration.
Titration curves were measured in pure H2O with the puried
and precipitated gold nanoclusters. The nanocluster was dis-
solved in pH 4–5 water and centrifuged to remove any precipi-
tating nanoclusters. In addition, the pKa was extracted from the
titration data by evaluating the titration curve's rst and second
derivative plots.

First derivative:

dpH/dV

where, dpH is the change in pH between successive additions of
titrant and dV is the volume of the added titrant.

Second derivative:

d(dpH/dV)/dV

Molecular dynamics simulations and essential dynamics
analysis

Initial coordinates of Au25(p-MBA)18 nanocluster were obtained
from a previousmodel29 based on the reported crystal structure of
Au25(PET)18 (PET¼ phenylethylthiolate),30,31while Au102(p-MBA)44
was obtained from the published X-ray crystal structure.32 Simu-
lations were performed with GROMACS 2020 (ref. 33) using an
AMBER-compatible force eld for thiolate-protected nano-
clusters.34 The fully deprotonated35 p-MBA-protected gold
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nanoclusters were placed in a periodic cubic box with TIP3Pwater
molecules36 using the SETTLE algorithm to constrain their
internal degrees of freedom.37 Sodium and chloride ions (0.15 M
NaCl) were added to neutralize the systems. Energy minimiza-
tions were carried out by using the steepest descent algorithm,
followed by a short equilibration consisting of 10 ns NVT
ensemble (constant number of particles, volume, and tempera-
ture) at 300 K and 10 ns NPT (constant number of particles,
pressure, and temperature) at 300 K and 1 bar pressure with
position restraints on the heavy atoms of the nanoclusters. The
velocity-rescale thermostat was used to keep the temperature
constant at the desired value with a coupling time constant of 0.1
ps.38 Berendsen barostat with a reference pressure of 1 bar and
coupling time constant of 1.0 ps39 was used in the NPT equili-
bration. Aerward, 100 ns of production MD were performed for
each system removing all the position restraints. The velocity-
rescale thermostat was used to keep the temperature at 300 K,
and pressure was kept constant at 1 bar using Parrinello–Rahman
barostat with relaxation times of 2.0 ps.40 A leapfrog Verlet inte-
grator was used with a 1.0 fs time step. Lennard–Jones interac-
tions were truncated at 1.0 nm, and the particle-mesh Ewald
(PME)methodwith a real-space cutoff of 1.0 nm and 0.12 nm grid
spacing was used to model Coulomb interactions.41 The lengths
of covalent bonds containing hydrogens were constrained with
the LINCS algorithm42 for improved performance. All trajectories
were visualized in VMD43 and analysed by using the utility toolkits
of GROMACS such as gmx rdf to obtain the pair correlation
functions between the carbon atoms of the carboxylate groups of
the ligands. The pair correlation function was calculated over the
whole MD-trajectory. Pair correlation function was also solved for
the phenyl rings of the ligands as a running average over 40
snapshots for the apex- and core-ligands and is reported here per
phenyl ring per frame. Distances were determined from the
centre of the apex/core phenyl ring to all other phenyl rings in the
system. There are six apex-ligands in Au25 and two in Au102 being
located at the centre of the longer SR–Au–SR–Au–SR (SR¼ p-MBA)
protecting units.

ED analysis was carried out to extract the dominant modes in
the overall molecular motion of the gold nanoclusters.44,45

Covariance matrices were constructed using all the atoms of the
nanoclusters and removing the rotation and translational
movements. The calculated eigenvectors and eigenvalues of the
covariance matrices were then projected along with the rst two
(most important) principal components. The trajectories were
analysed by using the GROMACS utilities gmx covar and gmx
anaeig. The data from ED analysis was plotted in two ways: rst,
as a time evolution scatter plot and second, as a congurational
free energy plot. The rst was plotted directly using the
projection data of individual MD-snapshot structures by using
colour scale dependent on the snapshot frame index 0–500. The
second plot was formed by collecting the principal component
analysis (PCA) projection data of all 500 MD-snapshots into
equally distributed bins on the two principal axes based on the
closest distance producing a 200� 200 grid. The number of hits
on bins directly gives the statistical probability distribution
when correlated to the total number of snapshots in analysis.
Finally, congurational free energy of the bins was solved from

the probabilities using Boltzmann distribution. The minimum
of the free energy was set to zero. Only the energy range between
0 kJ mol−1 and 5 kJ mol−1 was shown in the coloured contour
plots. Gaussian distribution was applied to smoothen the data
on the discrete grid with broadening parameter of 0.05 nm. For
both studied clusters, Au25(p-MBA)18 and Au102(p-MBA)44, the
last structure of the MD-simulations was used in structure
visualizations. VMD symmetry tools were used to analyse the
symmetries of the metal core of Au25(p-MBA)18 structures.

Results and discussion
Synthesis of highly pure gold nanoclusters

The three p-MBA protected gold nanoclusters with the compo-
sition of Au25(p-MBA)18, Au102(p-MBA)44, and Au250(p-MBA)n
were synthesized according to the reported methods.27–29 The
composition of the largest gold nanoclusters was predicted to
be Au210–230(p-MBA)70–80 by experimental analysis and compu-
tationally aided prediction, based on the structurally known
reference gold nanoclusters.27 This large-size gold nanoclusters
will be abbreviated as Au250 further on, as was dened by
Sokołowska et al.27 In addition, Au25(p-MBA)18 and Au102(p-
MBA)44 will be abbreviated as Au25 and Au102, respectively.

It is imperative to obtain highly pure gold nanoclusters to
prevent any interference between the residues and the func-
tionality of the pH sensor. The synthesis we followed is known
to form only one size of the targeted nanoclusters. However, the
bulky separated fractions could still carry excess counterions or
a small portion of different size nanoclusters. In order to
acquire highly puried gold nanoclusters, the fraction of each
sample was separated once more through PAGE, and the tar-
geted clusters were collected from the gel. Aer the distinct
separation of the bands, they were cut out and extracted in
water overnight. The extracted samples were puried by
precipitating the nanoclusters using 100 mL 0.1 M NaCl and
0.1 M HCl (pH 2). The precipitant was thoroughly washed with
clean water to remove excess salt or residue from the gel and air-
dried for a day. The products were stored in the refrigerator and
were re-dissolved with 0.01 M NaOH before use. The electro-
phoresis was run once more to evaluate the purity and stability
of the separated nanoclusters. As shown in Fig. 1a, a single
narrow band was observed for each nanocluster, indicating the
high stability and purity of the prepared nanoclusters. The
distinct difference in each band position shows that the size of
the nanoclusters is relatively different, which is apposite to our
comparison. The TEM results were also used to verify the purity
of Au25, Au102, and Au250 nanoclusters (Fig. S1; see Experimental
section† for more details). Each nanocluster showed a mono-
disperse nature with a spherical shape. The size of Au25, Au102,
and Au250 was 1.1 nm, 1.3 nm, and 1.56 nm, respectively, and
the values correspond to the sizes reported elsewhere.27,29,46,47

Optical measurements of the gold nanoclusters

UV-vis absorption spectra and the extinction coefficient values
of the isolated gold nanoclusters in water are presented in
Fig. 1b and c. The merit of using gold nanoclusters is that the

4582 | Nanoscale Adv., 2022, 4, 4579–4588 © 2022 The Author(s). Published by the Royal Society of Chemistry

Nanoscale Advances Paper

O
pe

n 
A

cc
es

s A
rti

cl
e.

 P
ub

lis
he

d 
on

 2
1 

Se
pt

em
be

r 2
02

2.
 D

ow
nl

oa
de

d 
on

 4
/1

1/
20

23
 1

0:
56

:4
9 

A
M

. 
 T

hi
s a

rti
cl

e 
is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

Li
ce

nc
e.

View Article Online



electronic structure of the nanoclusters changes by the size and
shape of their metallic core, which is reected in their UV-vis
spectra. For smaller sizes, the spectrum is continuous with
distinctive peaks, while for larger sizes, a clear localized surface
plasmon resonance (LSPR) is observed.48,49 These unique,
distinctive absorbance features provide a convenient tool for
identifying the isolated nanoclusters. As shown in Fig. 1b, the
gold nanoclusters exhibit size-dependent absorption spectra
with the same absorption peak around 200–300 nm, consistent
with the hybridized transitions localized on the p-MBA ligand.50

Au25 nanocluster displays characteristic absorption peaks at
701, 470, and 430 nm, corresponding to the Au25 characteristic
optical transitions.29 Larger nanoclusters showmore featureless
optical spectra than Au25. Therefore, the optical spectra of the
larger nanoclusters were compared with the reported spectra for
evaluation. Au102 has a weak peak around 423 nm,23 and Au250
exhibits weak LSPR around 530 nm.27 These isolated large-size
nanoclusters were identied as Au102 and Au250, respectively.

We measured the extinction coefficients of the gold nano-
clusters to determine the molar concentration of the dilute gold
nanocluster solution for further observations. The extinction
coefficient was calculated using the Beer–Lambert equation (see
ESI† for details). As shown in Fig. 1c, the differences in the
extinction coefficient vales for each nanocluster followed qual-
itatively the number of gold atoms. To avoid any interference by
absorbance of the residues, such as salt and p-MBA (absorbance
at�200–300 nm), the extinction coefficient values of Au25, Au102
and Au250 were read at 700, 520, and 490 nm, respectively. The
molar extinction coefficient values of Au25 (6997 M−1 cm−1),
Au102 (233 000 M−1 cm−1), and Au250 (677 699 M−1 cm−1)
(Fig. 1c) were further utilized to calculate the molar ratio
between the gold nanoclusters and the KU dye.

pH response measurements of the Au + KU complex

The steady-state uorescent intensity of the KU dye at different
pH was measured in the presence of three different-sized gold
nanoclusters protected with the same type of ligand, to under-
stand the size effect on the functionality of the uorescent pH
sensor. The uorescence of the positively charged (+1) KU dye is

quenched when they are bound to the negatively charged
(–COO−) p-MBA protected gold nanoclusters, leading to an
energy transfer process from the KU dye to the gold nanocluster23

(Fig. 2a). This behaviour allows the uorescence of the KU dye to
quench and it is dependent on the surface charge of the nano-
cluster, which could be regulated by the amount of the nano-
clusters or the number of charged ligands. It is worth noting that,
based on the 8 electron superatommodel, Au25 is known to have
a−1 charge state, but it is mainly localized in the metal core, not
affecting its surface charge. Thus, in our studies, this extra
charge was not considered a factor affecting the interaction
between the KU dye and the p-MBA ligands. Moreover, the only
possible counterion to stabilize the cluster charge is Na+, which,
due to its small steric size, cannot considerably affect the
accessibility of the dye to the cluster surface. As shown in Fig. 2b,
Au25, Au102, and Au250 were added to the KU solution (pH 10)
having the same concentration in each case, which triggered the
KU intensity to drop rapidly (see Experimental section for more
details). Moreover, the trend of the quenching curves differed by
the nanoclusters. In detail, Au250 shows the fastest quenching
characteristic, followed by Au102 and Au25. Due to the abundance
of the KU molecule in the solution and the availability of
multiple ligands on each cluster, the complexation involves
several KU dyes interacting with one gold nanocluster. To
determine how many KU dyes tend to bound to the nanoclusters
in a low concentration region ([molAu]/[molKU] < 0.1), the initial
slope of the titration curve was determined. As shown in Fig. S2,†
approximately 2, 5, and 19 KU dyes were bound to Au25, Au102,
and Au250, respectively. This result indicates that more than one
KU dye molecules are bound to larger nanoclusters because of
the highly negative surface charge and more p-MBA groups
available for binding per clusters. Furthermore, the uorescence
for all three nanoclusters is almost totally quenched when the
[molAu]/[molKU] ratio reaches 2, indicating nearly all the KU dyes
formed a complex with the nanoclusters.

The pH dependence measurements of the Au + KU
complexes were carried out to observe the effect of the different
gold nanoclusters on the response. In order to accurately
compare how the KU uorescence properties change according
to the size of the gold nanocluster, it is essential to x the other

Fig. 1 Characterization of synthesized p-MBA protected gold nanocluster. (a) Image of PAGE separation of the purified Au250 (left), Au102
(middle), and Au25 (right). (b) Normalized UV-vis absorption spectra and (c) extinction coefficient spectra in water.
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conditions carefully. Therefore, in the subsequent pH experi-
ment, the concentrations for the gold nanocluster and KU were
xed to [molAu]/[molKU] ¼ 2, where the KU uorescence
quenches with all nanoclusters (see Experimental section for
more details). The pH titration curve of the Au + KU complex
was measured by gradually adding 0.01 M HCl to the Au + KU
complex solution. As the HCl is added, the uorescence of the
KU dye dramatically starts to increase around pH 4–6 and
saturates around pH 1 (Fig. 2c). On the other hand, the uo-
rescence of p-MBA + KU complex did not change during pH
adjustments, which indicates that the pH dependence proper-
ties of the KU are exhibited only in the presence of the gold
nanoclusters. Moreover, a distinct shi of the titration curve for
each complex was observed. These signicant changes in the
titration curves lead us to determine the approximate half-point
pH of each curve for further comparison. The pH values were
read at the 0.5 relative intensity point. The half-point pH was
2.11, 2.66, and 3.70 for Au250, Au102, and Au25, respectively. This
result clearly shows that the pH response of the KU dye can be
regulated by varying the size of the nanocluster as predicted.
Moreover, this is the rst experimental result on tuning the pH
sensor properties by tailoring the size of the nanoclusters.

In detail, the pH titration curve for the Au250 + KU complex
was shied to a higher pH region than the Au102 + KU complex,
indicating the correlation between the surface curvature and
the pKa value of the nanoclusters, assuming that the pH
dependence of uorescence is related to the surface charge of
the cluster. On the other hand, the Au25 + KU complex exhibited
an unexpectedly high pKa trend compared to the other larger
nanocluster-based complexes. Based on previous research,24

Au25 was expected to have the lowest pH response range owing
to its highest surface curvature among the nanoclusters.
However, as shown in Fig. 2c, the Au25 + KU complex shows the
highest pH response range, followed by Au250 and Au102. To
understand the grounds for the unexpected behaviour of the
Au25 nanocluster, it is crucial to comprehend the fundamental
nature of the nanoclusters. As shown in Fig. 2a, the KU dye's
uorescence intensity depends on the surface negativity of the
gold nanoclusters. In other words, the pKa of the nanoclusters

will be one of the factors in regulating the effective pH range.
Therefore, it was important to measure the protonation–
deprotonation behaviour of the Au25, Au102, and Au250 nano-
clusters by the acid–base pH titration method.

Acid–base titration of the gold nanoclusters

The titration curves were measured in pure H2O, where the
clusters were diluted and dispersed in the lowest pH solution
that did not fully precipitate the nanoclusters (pH � 4–5, see
Experimental section for more details). The titration studies for
Au102 were referred to in our previous report.35 As shown in
Fig. 3, a single pKa is observed in both Au25 and Au250, and the
pKa values were extracted from the second derivative curve, as
shown in Fig. S3 and Table S1.† The pKa values for Au25 and
Au250 nanoclusters were 6.82 and 6.29, respectively. The pKa

values for the nanoclusters had similar order compared to the
Au + KU complex half-point pH. The difference in the apparent
pKa of the nanoclusters and the response pH of the Au + KU
complex could be explained by the effect of the positively
charged KU dye. In the presence of a positively charged coun-
terion, the interaction between the neighbouring weak acid
groups is reduced, thus decreasing the pKa value as in our
experimental results.51–53 Moreover, the intermolecular interac-
tions, i.e., p–p stacking of the ligands, could affect the
complexation between the gold nanocluster and the KU dye;
thus, the pH response range and the acid–base titration will not
follow each other in a one-to-one correlation. Even though we
still have to understand the unexpected result from Au25, the
results indicate that the pKa value of the nanocluster is
controlled by the size, and by these pKa values, the KU response
range is regulated. Moreover, the consistency of the trends
between the nanoclusters makes it possible to exhibit the
probability of strategizing how to design and regulate the pH
sensor with precision.

Surface structure analysis of Au25(p-MBA)18

The pKa of the nanoclusters is regulated by their curvature,
which will, in turn, determine the distance at which the

Fig. 2 (a) Schematic diagram illustrating electrostatic interaction and energy transfer process between the p-MBA protected gold nanoclusters
(AuNC) and KU dye in different pH conditions. (b) Relative intensity of KU emission as function of [molAu]/[molKU] molar ratio in pH 10 solution
(excitation wavelength 500 nm). (c) Relative intensity of KU emission as function of pH. The molar ratio of the solution was [molAu]/[molKU] ¼ 2.

4584 | Nanoscale Adv., 2022, 4, 4579–4588 © 2022 The Author(s). Published by the Royal Society of Chemistry

Nanoscale Advances Paper

O
pe

n 
A

cc
es

s A
rti

cl
e.

 P
ub

lis
he

d 
on

 2
1 

Se
pt

em
be

r 2
02

2.
 D

ow
nl

oa
de

d 
on

 4
/1

1/
20

23
 1

0:
56

:4
9 

A
M

. 
 T

hi
s a

rti
cl

e 
is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

Li
ce

nc
e.

View Article Online



ligand–ligand interaction occurs. The closer the negatively
charged ligands are, the higher the equilibrium shis to
a higher pH, enhancing the pKa. Therefore, analysing and
comparing the intermolecular packing of the nanocluster
ligand layer is needed to understand the unique pKa shi
behaviour of Au25. Fig. 4 shows the calculated pair correlation
functions g(r) between carbon atoms of p-MBA carboxylate
groups (–COO−) from MD simulations of Au25 and Au102

nanoclusters in water. For Au25, a very sharp main peak is
observed at 0.4 nm with broader but still well-dened minor
peaks at longer distances. While, for Au102, the rst peak is
observed at 0.5 nm with a remarkable difference in intensity
compared to Au25 and minor oscillations above this distance.
The g(r) peaks for Au25 suggest a highly structured ligand
layer, which is governed by the packing of phenyl rings of the
p-MBA ligands and the multiple p–p stacking interactions.
Computed g(r) for phenyl–phenyl rings during 100 ns MD
simulation (Fig. S4†) show how the highly ordered ligand layer
of Au25 is established as the simulation time increases. This
feature is exhibited in a sharp increase in the peaks related to
the average nearest and second nearest neighbour distances
between the p–p stacked groups. In contrary, Au102 shows
considerably less structural ordering in the ligand layer and
the characteristics are different compared to Au25 (see
Fig. S5†). For Au102 a higher peak appears during the simu-
lation at 0.5 nm distance which is typical for neighbouring T-
stacked phenyl rings. It is known that parallel stacked phenyl
rings have a higher pKa compared to the T-stacked phenyl
rings because of their higher repulsive behaviour. Therefore,
Au25 is eligible to have a higher pKa than Au102.54

The exibility and structural stability of the Au25 and Au102
ligand layer was also studied by ED analysis (Fig. 5a and b). ED
analysis can be used to solve the principal collective modes of
the atomic uctuations and statistically analyse the most
prominent conformations as projected to them. Here, the rst
two principal components were selected to analyse the projec-
tion of MD-trajectories in the conformational phase space. Au25
covered a smaller region of phase space with only one major
basin (Fig. 5a and c), while Au102 showed several conforma-
tional basins distributed on a larger region (Fig. 5b and d),
which demonstrates a higher ordered arrangement of p-MBA
ligands on Au25 over Au102 nanoclusters. Time evolution in
Fig. 5 shows that the structure of Au25 gets stabilized in 60 ns
(aer 300 snapshot frames) aer which the conformation is
frozen at the major basin of the phase space. The same kind of
stabilization is not seen for Au102. In terms of structural
features, Au25 and Au102 exhibit a different gold–sulfur inter-
face. Au25 has an icosahedral Au13 core protected by six long SR–
Au–SR–Au–SR units, while Au102 has 19 short SR–Au–SR units
and only two long SR–Au–SR–Au–SR units protecting the Au79
core.31,32,55,56 Based on this composition, the Au25 ligand layer is
expected to be more exible due to the long units attached to an
ultrasmall core with a high curvature. Hence, the exibility
allows Au25 cluster to adjust itself better for changed conditions
than Au102 and nd a highly ordered and stable ligand layer
arrangement, although the relative distribution of the ligands
in Au25 and Au102 was initially qualitatively the same (see Fig. S4
and S5†). Fig. 5e and f illustrates the multiple p–p stacking
interactions formed between the locally densely packed phenyl
rings of p-MBA ligands as observed in the nal snapshot of 100
ns MD simulation of Au25 nanocluster in comparison to the
nal snapshot of Au102. The point group symmetry of the metal
core of the averaged structure of last 200 snapshots of Au25 MD-
trajectory is D2d with root mean square deviation (RMSD) of
0.054�A from the ideal which resembles the structure distortions
that are seen for the neutral and cationic experimental clusters
as compared to the nearly ideal icosahedral metal core of
experimental anionic cluster.57 Our results indicate that Au25
has a more organized ligand layer orientation than Au102, which
can explain the singular pKa shi observed.

Fig. 3 Acid–base titration curve of (a) Au25 and (b) Au250 nanoclusters
in water.

Fig. 4 Pair correlation function g(r) of carbon atoms of the carboxylic
groups of ligands of Au25 and Au102 clusters as calculated from MD-
trajectory.

© 2022 The Author(s). Published by the Royal Society of Chemistry Nanoscale Adv., 2022, 4, 4579–4588 | 4585

Paper Nanoscale Advances

O
pe

n 
A

cc
es

s A
rti

cl
e.

 P
ub

lis
he

d 
on

 2
1 

Se
pt

em
be

r 2
02

2.
 D

ow
nl

oa
de

d 
on

 4
/1

1/
20

23
 1

0:
56

:4
9 

A
M

. 
 T

hi
s a

rti
cl

e 
is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

Li
ce

nc
e.

View Article Online



Conclusions

We have shown a robust strategy for regulating the pH response
range by tailoring the size of the gold nanoclusters. For
different-sized gold nanoclusters, Au25, Au102, and Au250 were
synthesized and formed a complex with the KU dye for pH
measurements. The pH titration measurement of the Aun + KU
complex (n ¼ 25, 102, 250) showed that the pH response range
of the KU dye was evidently shied, which matched well with
the order of the pKa value measured by the acid–base titration
measurement. Au250 exhibited a higher pH response range than
Au102 based on the surface curvature effect. However, Au25
showed an unexpectedly high pKa value compared to the larger

size nanoclusters. This behaviour was understood by perform-
ing the MD simulations and ED analysis. The results showed
that small nanoclusters do not follow the scaling between the
curvature and the pKa. Instead, the behaviour is more controlled
by the distribution and interaction of the p-MBA ligands on the
nanocluster surface. This is the rst study attempting to analyse
the pKa value of ultrasmall nanoclusters and understand the
factor that regulates the protonation behaviour in an atomic
range. Understanding the relationship between the ligands
orientation and the pKa trend of each nanocluster on an atomic
scale makes it possible to create a toolbox for efficiently
designing or modifying the pH sensor by tailoring the size of the
nanoclusters. Furthermore, the use of atomically precise

Fig. 5 a) and (b) Show the time evolution of the conformations, and (c) and (d) show the conformational free energies of the MD-trajectories of
Au25 and Au102 in the essential dynamics analysis. Minimum of the free energy is set to zero and the colour scale is fixed to the energy scale from
0 kJ mol−1 to 5 kJ mol−1. The data above 5 kJ mol−1 is not distinguished and is shown in the unified solid pale background. Projection is done
based on the two main principal component eigenvector directions. (e) and (f) Show the final structure of Au25 and Au102 cluster taken from the
same 100 ns MD simulation. Formation of six separate p–p stacked groups of three ligands is highlighted for Au25.
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nanoclusters facilitates synergy between theory and experi-
ments toward paving the way for the rational design of new
probes.
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Modifying the terminal phenyl group
of monomethine cyanine dyes as a pathway
to brighter nucleic acid probes†

Johanna M. Alaranta, a Arto M. Valkonen, a Sailee S. Shroff,b

Varpu S. Marjomäki, b Kari Rissanen a and Tanja M. Lahtinen *a

Three novel monomethine cyanine dyes were synthesized carrying electron donating groups to obtain

even brighter nucleic acids probes. Photophysical properties of these dyes were evaluated with DNA and

selected dyes with RNA. A great variation in brightness and binding properties of the dyes was observed.

Moreover the X-ray crystal structures are presented for two dyes.

Fluorescent probes are an essential part of themolecular biologist’s
instrumentation to image nucleic acids in a wide range of applica-
tions. These include for example PCR,1–5 melting curve analysis,6,7

quantification of nucleic acids from environmental samples8 and
gel electrophoresis.9 A widely utilized probe for these applications
is, for example, SYBR Green I, which has been very popular since it
was introduced.10 Monomethine cyanine dyes exhibit all the
expected qualities for excellent fluorescent probes for nucleic acids:
turn-on fluorescence with low background emission, desirable
photostability and they are less toxic to cells when compared to
another popular DNA stain, ethidium bromide.11 However, during
recent years the demand for selective dyes for different types of
nucleic acids has increased. The increasing interest to study RNA,
for example to the develop antivirals12 and RNA vaccines,13 has
only amplified the appeal to research RNA specific fluorescent
probes. Also designing even more sensitive dyes to accommodate
the new challenging applications, such as studying the opening
mechanism of viruses is equally important.14 By understanding the
structural elements underlying the biological activity of these dyes,
is one possible way to achieve these goals.

In recent years we have systematically studied the structure
of SYBR green related cyanine dyes, trying to find the key points
that change the photophysical qualities of these dyes. 14 newly
synthesized monomethine cyanine dyes and their structural
differences and their effect to the photophysical qualities have

been studied by us.14–16 The goal is to identify the important
elements, so that the best structural features can be combined
to produce the ultimate fluorescent probe for nucleic acid
staining. In our previous studies, the binding properties were
investigated for all 14 dyes with DNA and for selected dyes, also
with RNA, to understand the phenomena behind the great turn-
on fluorescence. The molecular modelling indicated that the
dyes synthesised by us bind in the minor groove of the DNA
double helix, while it had been widely accepted that SYBR
Green related dyes are mainly intercalators.17,18 It was also
shown that one way to improve the brightness of the dyes could
be by enhancing the rigidity of the molecule when binding the
dsDNA. We also noted that the heteroatoms in different posi-
tions of the dye core had great effect to the photophysical
qualities and just by changing one heteroatom, for example
oxygen to sulphur, clear difference in these qualities could be
observed. The effect of heteroatoms on the photophysical
qualities have intrigued many scientists working in the wide
field of fluorescent probes, such as rhodamines,21 which has
been extensively studied as well as difluoroborates.22 Moreover,
all our dyes have had highest molar absorption coefficients in
ethanol or DCM where the dyes are fully soluble.14,15 Kurutos
et al.23 have previously showed that one way to improve mono-
methine cyanine dyes qualities and make them more user
friendly is to improve the water solubility by adding substitu-
ents to alkyl chains with additional charges to the main core of
the dyes.

With all these results in mind, we designed modifications
for the terminal phenyl group in a way that aims to improve the
binding rigidity and/or the water solubility of these dyes
(Fig. 1). As we had a demonstrated earlier, we had a core
structure of OxN (4) which already has many of the desired
qualities for a fluorescent probe – good quantum yield, photo-
stability even in prolonged studies, strong binding with DNA
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and great turn-on fluorescence with low background emission.
By further modifying this core we wanted to achieve two goals:
increase the water solubility along with binding affinity and to
gain more understanding how these structural modifications
change the photophysical properties of the dyes.

Dimethylamine as a substituent was obvious choice since we
had already seen that it improves the binding and brightness
compared to thiol15,16 and since it its capable of hydrogen
bonding with the lone pair electrons, it could also improve the
water solubility and at the same time enhance the binding
affinity with the DNA. PEG group was included to for certain to
see if the water solubility could be the answer to brighter and
perhaps more user-friendly usage. Since OxN-PEG has the out-
reaching oxyethylene chain, we also wanted to include control
of just methoxy group to see if the length of PEG chain affects
the binding properties.

Dyes 1–3 were synthesized by using previously published
methods.14,15,24 The dye synthesis were done using the cyanine
condensation method with quinoline salt and benzoxazolium
salt as starting materials. In inert conditions, using triethyl-
amine as a base catalyst, condensation is achieved in room
temperature within four hours. Our synthesis also has addi-
tional substitution step to replace chloride in the quinoline
moiety with dimethylamine. Purification is done with flash
column chromatography, which are usually done at least twice
to achieve desired purity. PEGylation of 4-iodophenol was done
according to procedure by Nguyen et. al.25 Detailed synthesis

routes along with X-ray crystal structure parameters and
geometry calculations can be found in ESI.†

Suitable crystal quality for single crystal X-ray diffraction
(SCXRD) analysis were obtained from 1 and 3. The crystal data
and other experimental details for dyes 1 and 3 are given in the
ESI.† As observed with the related dyes in our previous study,16

the main molecular skeletons of 1 and 3 including benzoxazo-
lium and quinoline moieties are planar in the solid state
(Fig. S15 and S16, ESI†). The overall structures are also very
similar to the quinoline containing dyes previously described
by us.16 The most notable deviation from the planarity of the
entire molecules is observed with the phenyl ring bonded to
quinoline nitrogen. The plane of the phenyl ring shows angles
of 67.01 in 1 and of 71.61 (72.71, 2nd molecule) in 3 to the plane
of the dye skeleton. The high-level DFT [M06-2X, def2-TZVP
with acetonitrile (dielectric = 37.50] as a solvent using C-PCM
model) calculations match extremely well with the SCXRD
geometry of OxN-NMe2 (1), OxN-OMe (3) and previously16

studied dye PyrON (5) (Fig. S19, ESI†).
For absorption, emission, and excitation maxima (Fig. S22

and S23, ESI†), only few nanometre shifts between the dyes 1–3
are seen, essentially, all new dyes have similar maxima as the
core dye OxN (4). This is also observed with Stoke’s shifts, the
shifts only vary from 29 to 34 nm (Table 1). Previously, we had
observed that even small, one heteroatom changes in the
chromophore could change these maxima drastically in the
nanometre scale.

Molar absorption coefficients (e) were measured in three differ-
ent solvents, ethanol, tris-EDTA (TE) buffer and 100 mM ct DNA in
TE buffer solution. To investigate if the binding with DNA alters the
absorption coefficient of the dyes, TE buffer was used as a reference
for the final ctDNA solution. Ethanol was chosen as organic solvent
to investigate the effect of solubility to the absorption coefficients.
All dyes (1–4) have the highest absorption coefficients in ethanol
(Table 1), following the trend previously observed.15,16 Interestingly,
OxN-NMe2 (1) and OxN-PEG (2) have the lowest absorption coeffi-
cients in TE buffer. This could potentially indicate that without
DNA in solution, dyes can for example aggregate, which is known
quality of cyanine dyes,26 lowering the absorption coefficients.
While DNA offers favorable binding site where the dyes can fit,
preventing the aggregation from happening and the dyes having
higher absorption coefficients in ctDNA solution.

Fig. 1 Novel dyes 1–3 compared to previously published dyes 4–616 and
commercial dyes SYBR Green I10,19 and SYBR Green II.14,20

Table 1 Photophysical and binding parameters of the studied dyes. Full details of the measurements can be found in ESI

Dye OxN (4) OxN-NMe2 (1) OxN-PEG (2) OxN-OMe (3) SYBR Green I

labs (nm) 464 462 463 463 497
emax (TE buffer) M�1 cm�1 56 500 � 800 52 500 � 400 13 300 � 200 51 000 � 900 73 00010

emax (Ethanol) M
�1 cm�1 73 600 � 600 93 000 � 400 26 900 � 150 77 900 � 300 43 300

emax (100 mM ctDNA) M�1 cm�1 47 300 � 200 61 600 � 1005 20 300 � 200 49 800 � 500 29 500
lemi (nm) 492 496 493 492 520
Stoke’s shift (nm cm�1) 28/1230 34/1480 30/1310 29/1270 23/890
F B1 0.014 B1 B1 0.819

Brightness (M�1 cm�1) 47 300 868 20 300 49 800 34 640
Ka (�106 M�1) 8.5 � 1.50 0.2 � 0.02 57.9 � 3.00 12.8 � 1.10 5.9 � 0.05
Kd (nM) 118 4100 17.3 78.1 167
n 3.4 � 0.40 4.7 � 0.30 6.0 � 0.30 3.9 � 0.09 3.2 � 0.11
DG0 (kJ mol�1) �39.0 �27.7 �43.1 �41.2 �38.0
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OxN-NMe2 (1) and OxN-OMe (3) both had excellent absorp-
tion coefficients across all media, especially OxN-NMe2 (1)
having highest value of 93 000 M�1 cm�1 in ethanol. While
OxN-PEG (2) did not excel with the absorption coefficients,
including PEG arm did not completely shut down the absorp-
tion of the dye. Surprisingly, no clear evidence could be
observed for the PEG increasing water solubility in UV-vis
measurements.

Quantum yields of the dyes were determined with fluores-
cein standard (Fig. S25, ESI†) to gain more knowledge how the
dyes perform when fully bound with ctDNA. Since all experi-
ments so far gave consistent results between the dyes, same was
expected for quantum yields. OxN-PEG (2) and OxN-OMe (3) do
follow the trend, since the quantum yield was determined to be
1 for both dyes matching the quantum yield of OxN (4).
Surprisingly, the quantum yield of OxN-NMe2 (1) was only
0.014 meaning that the additional amine group at the terminal
phenyl group significantly quenched the fluorescence intensity
of OxN-NMe2 (1) when binding ctDNA. This result indicates
that this additional electron donating group may alter the
relaxation method of the dye after excitation.

Selected dyes (1, 3–6 and SYBR Green I and II) were also
studied with RNA, to evaluate their performance compared to
DNA. In this study, dye concentrations were kept at 0.05 mm in
either DNA solution with concentration of 4.9 ng ml�1 or in RNA
solution with concentration of 4.4 ng ml�1, respectively. As we
can see from Fig. 2, The new dye OxN-OMe (3) performs best
with DNA, and almost as good as OxN (4) with RNA. Interest-
ingly, the OxN-NMe2 (1) performed very poorly with both DNA
and RNA. OxN-OMe (3) and OxN (4) outperformed both com-
mercial dyes, SYBR Green I and II as they have higher normal-
ized emission values with DNA. OxN (4) and OxN-OMe (3) have
slightly higher exaltation (ratio of intensity) with RNA than
SYBR Green II, but the intensities are quite similar. PyrON (5)
and PyrN (6) presented in our previous studies,16 have

significantly lower exaltation compared to the commercial dyes
SYBR Green I and II, but a slight preference could be seen –
PyrON (5) has higher exaltation with DNA and PyrN (6) with
RNA, respectively. The only structural difference between these
two is the change from oxazolium (PyrON (5)) to thiazolium
moiety (PyrN (6)). Hence, with one heteroatom change from
oxygen to sulfur, we can observe significant change in the
photophysical qualities. When dyes have oxygen moiety, ben-
zoxazolium, they seem to prefer DNA over RNA and when dyes
have sulfur, benzothiazolium moiety in this study, they seem to
prefer RNA. SYBR Green II also has the same thiazolium moiety
as PyrN (6), hinting that the sulfur might be a possible key
element in synthesizing RNA selective dye. To support this
theory Lu et al.27 presented an RNA targeting dye with also
thiazolium moiety combined with additional thiol substituent.

The binding properties of the dyes were evaluated using
McGhee Von Hippel equation (Fig. S24, ESI†).28 Due to the poor
quantum yield of the OxN-NMe2 (1), it was also suspected to
bind poorly with the ctDNA. This hypothesis was confirmed in
our studies since the binding constant (Ka) was only 0.2 � 106

while previously synthesized OxN (4) has had the highest
binding constant so far of 8.5 � 106, indicating that the
OxN-NMe2 (1) has relatively loose binding with the ctDNA
compared to previously seen values. However, OxN-OMe (3)
and especially OxN-PEG (2) shows even higher binding affi-
nities than OxN (4) and SYBR Green I. OxN-OMe (3) has binding
constant of 12.8 � 106 but OxN-PEG (2) is in other level
compared to rest of the dyes; it has binding constant of
57.6 � 106. This result indicates that the oxygen rich functional
sidechain enhances the binding, which could already be seen
for the short methoxy chain in OxN-OMe (3). Binding site sizes
(n) for OxN-NMe2 (1) and OxN-OMe (3) are in same level than to
OxN (4) which has binding site size 3.4, OxN-NMe2 (1) binding
site size being 4.7 and OxN-OMe (3) 3.9, respectively. Both dyes
having slightly larger binding sites due to the additional

Fig. 2 Normalized emissions of studied dyes with DNA and RNA. The plots are normalized with the emission intensity of the highest emitting dye,
OxN-OMe for DNA and OxN for RNA, to allow comparison of possible trends. For each measurement, dye concentrations were 0.05 mM. Nucleic acid
solutions were prepared in TE buffer where DNA concentration was 4.9 ng ml�1 and RNA concentration was kept at 4.4 ng ml�1, respectively.
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functional groups in the terminal phenyl group. Similarly,
OxN-PEG (2) has noticeably larger binding site size of 6.0 due
to the longer side chain.

Finally, to have one number to compare the dyes, brightness
was calculated for each dye by multiplying absorption coeffi-
cient in ctDNA solution with the determined quantum yield.
This value estimates how many of the absorbed photons can
eventually be emitted, hence giving a single value how well the
dye can perform as fluorescent probe. Due to the low quantum
yield, OxN-NMe2 (1) has the lowest brightness of 868 M�1 cm�1

even though it had the highest absorption coefficient when
bound with ctDNA. Great quantum yield and high absorption
coefficient of OxN-OMe (3) makes it slightly brighter than OxN
(4) and commercial dye SYBR Green I with brightness of
49 800 M�1 cm�1. Similar methoxy group enhancement was
also observed with indole-based copper probes29 and tuning
thiazole orange with electron donor and acceptor.30 OxN-PEG (2)
lands right in the middle, having great quantum yield, but the
PEG group lowering the absorption coefficient even though it
binds remarkably strongly with ctDNA.

To conclude, three new monomethine cyanine dyes with
additional functional groups at the terminal phenyl group were
synthesized and compared to the commercial dyes SYBR Green
I and II and to selection of our previously published ones. Effect
of different electron donating groups at terminal phenyl group
to the photophysical properties were investigated. X-ray crystal
structures were solved for OxN-NMe2 (1) and OxN-OMe (3).
Methoxy (OxN-OMe (3)) increased the molar absorption coeffi-
cient and emission compared to the dye without any functional
group at the same position (OxN (4)). However, including amine
at this position (OxN-NMe2 (1)), did increase the molar absorp-
tion coefficient of the dye, but it also quenched the emission
intensity almost completely since the quantum yield dropped
from 1 to only 0.014. Similarly, also the binding properties of
OxN-NMe2 (1) dropped significantly compared to other dyes.
Interestingly, OxN-PEG (2) seems to bind extremely tightly with
ctDNA compared to other studied dyes. The PEG substituent
could provide additional binding interactions due to the oxygen
lone pair electrons in the PEG chain which could interact with
the DNA double helix, as observed by Howerton et al.31

In the end, we were able to design new and even better dye
with excellent photophysical properties, OxN-OMe (3) exhibit-
ing brightness of 49 800 M�1 cm�1, quantum yield B1 and
tight binding with ctDNA. Noting that OxN-OMe (3) is also
significantly brighter than commercially available SYBR Green I
with brightness 34 600 M�1 cm�1. In this paper we also demon-
strated that OxN (4) and OxN-OMe (3) are excellent choices to
image viral RNA, even though they are not selective towards
DNA or RNA, but they are more sensitive than the commercially
available SYBR Green II, which prefers RNA. Additionally
compared to other popular nucleic acid stains, ethidium bro-
mide and YOYO-1, our dyes OxN (4) and OxN-OMe (3) exhibit
higher quantum yields and brightness as well as better quan-
tum yield than TOTO-1.32 It is also noted that including
sulphur to the dyes seemed to shift their preference from
DNA towards RNA. We believe OxN-OMe (3) with additional

electron donating group is excellent choice to image nucleic
acids in future since it is very sensitive with both ctDNA and
RNA. This researched also revealed extremely valuable informa-
tion about how small changes of the functional groups outside
the main chromophore can have drastic effects to the photo-
physical properties of the dyes.
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