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1.Introduction 

Probes for analytical purposes are essential for advancement in almost all
fields of natural sciences. Fluorimetric sensing is by far the most
intensively used method for bioimaging and biochemistry analysis [1,2].
However, the development of novel probes has focused on a specific
response to a particular target, which, in biological samples, often presents
a problem due to the multitude of similar targets (pro- teins, DNA, RNA,
etc.). Also, monitoring more than one dye simulta- neously often presents a
considerable chalenge because of the need to add multiple external probes
which have to be easily differentiated in the same sample taking into
account overlapping excitation and/or emission wavelengths, possible
interactions of fluorescent species, dif- ference in emission intensity,
photo-sensitivity of sample, problems with 

auto-fluorescence of protein- and hem-containing samples, natural
fluorescence of some species, and some other issues.[2]. 
To address this problem, other sensing methods have been intro- duced,
which are complementary to fluorescence – in biomedicine, this includes
PET tomography, magnetic resonance spectrometry, etc. One of 
the less used approaches was to develop one single reporting molecule of 
low molecular weight which could bind to several targets of interest 
with similar affinity but for each of them report by a different and 
complementary sensing method. We successfully applied circular di- 
chroism in parallel to fluorescence [3,4]; however, wavelengths of 
emission and induced CD response partially overlap. The Raman (SERS) 
method is ideal as it uses wavelengths in the infrared (IR) range, thus not 
overlapping with fluorescence in the visible range. Moreover, IR irra- 
diation has excellent living tissue penetration, allowing harmless 
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irradiation and collecting the response deep into the sample or even living
organism. To that end, in this work, we endeavoured to combine
fluorescence (the most common sensing method) with Raman (SERS)
spectrometry in one reporter molecule for simultaneous detection of DNA,
RNA and protein (BSA). 

There have long been efforts to synthesize polyynes with different
lengths and end groups, consisting of up to 44 carbon atoms linked in a
row [5]. Shorter polyynes, such as diynes, triynes, and tetraynes, are a
common class of natural products and are found even in vegetables, e.g.,
diynes in carrots, celery, and parsley, which show various biological
activities [6,7]. Polyynes can potentially be applied as pharmaceuticals
[8] or functional materials [9]. They can serve as molecular wires
[10,11] or as a component of dyes, such as the red-emitting tetrayne in
Scheme 1a, reported by Tang and coworkers, which can be used for
cancer cell imaging [12,13]. However, the main remaining challenges
for the application of polyynes are selective synthesis and purification
[14]. 

To synthesize polyynes with even numbers of ethyne units (e.g., 
diynes and tetraynes), which bear the same end-cap on both sides, the 
copper-catalyzed oxidative Glaser, Hay, and Eglinton coupling reactions
are commonly used [15–17]. The oxidative dimerization of terminal
acetylenes can also be conducted in a co-catalyzed manner, using 
palladium and copper catalysts [18]. When the target polyynes bear two 
different end-caps or contain an uneven number of ethyne units, they
can be obtained via the Cadiot-Chodkiewitz reaction, the Fritsch–
Buttenberg–Wiechell rearrangement, or via molybdenum- catalyzed 
alkyne metathesis [19–22]. The end-capping of polyynes with bulky 
groups contributes to their stability [23–26]. Polyynes end- capped with 
hydrogen (terminal) or halogens can be extremely reac- tive or prone
to explosion, and have caused injuries and damage in laboratories in the
past [27,28]. The possibilities for further function- alization of polyynes
are broad. For example, they can be catalytically hydrogenated, 
borylated [29], serve as precursors for metallacycles [30] and σ-polyyne 
complexes [31], or be utilized in cyclization reactions [14]. 

Triarylboranes have been explored with regard to their synthetic access
and optical properties, enabling their potential application in dyes, sensors,
and optoelectronic materials [32–37]. Their most prom- inent properties
are based on the empty p-orbital on the boron center, 
which leads to strong π-electron acceptor ability when connected to a 

 
Unless otherwise noted, all reactions were performed using standard 
Schlenk or glovebox (Innovative Technology Inc.) techniques under 
argon. Reagent grade solvents were argon saturated, dried using an 
Innovative Technology Inc. Pure-Solv Solvent Purification System, and
further deoxygenated by using the freeze–pump–thaw method. All 
starting materials were purchased from commercial sources and used 
without further purification. Automated flash chromatography was 
performed using a Biotage® Isolera Four system on silica gel or NH- 
silica, GC–MS analyses were performed using an Agilent 7890A gas 

π-system, enabling the design of charge-transfer compounds [38,39]. 
Triarylboranes can become water-soluble when substituted with trime- 
thylammonium groups at the para-position of the aryl rings, and water- 
stable, when the central boron atom is protected with at least five o-
methyl groups [40–42]. Alkynylated triarylboranes have previously 
been incorporated in several materials such as BODIPY-dyes, rhenium 
acetylide complexes used as chemosensors, and in platinum acetylide 
complexes for optical power limiting [43–45]. Our group recently 
studied applications of triarylboranes in cell imaging [34,42,43,47,48] 
and the interaction of rod-like triarylborane compounds with DNAs and 
RNAs [42,46,47]. Small molecules can interact with DNA/RNA via 
external binding, intercalation, and groove binding, with the latter 
typically taking place for the systems we reported [48]. We recently 
reported a tetracationic bis-triarylborane 1,3-butadiyne chromophore
(24+, Scheme 1b) [15], which interacts with DNA/RNA and proteins and
can be probed via fluorescence and surface-enhanced Raman spectros-
copy (SERS) [49,50]. The polyyne motif was selected as a linker in our
current research, as polyynes are excellent Raman probes. The motif has
even been used for spectral barcoding, as Raman absorption is distinc-
tively influenced by the substitution pattern and length of the polyyne
chain [51]. 

Based on our recent work on bis-triarylborane-diyne dyes, we 
extended the polyyne system to prepare the analogous tetrayne (Scheme 
1c); as Raman intensity rises exponentially with the length of the con- 
jugated alkyne system, a longer linker can result in a better and more 
sensitive imaging dye [52]. We also expected to achieve more effective 
groove binding in ds-DNA/RNA by increasing the distance between the 
bulky triarylborane moieties. 
2. Materials and methods 

Scheme 1. a) Example of a red-emitting tetrayne dye reported by Tang and coworkers.12b) Recently developed tetracationic triarylborane-diyne dye 24
groups for DNA/RNA/BSA dual-method sensing via SERS and fluorescence [64], c) Novel bis(triarylborane) tetrayne analogues studied in this work. 
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chromatograph, high-resolution mass spectrometry was obtained using a
Thermo Scientific Exactive Plus MS System. The NMR spectra were
recorded at ambient temperature on a Bruker DRX-300, Bruker Avance
500 NMR or Bruker Avance Neo I 600 NMR. 

Full experimental details for the synthetic procedures are provided in 
the Supporting Information. 
2.1. Crystal structures 

 
SERS spectra upon excitation at 1064 nm were measured using a
Bruker Equinox 55 interferometer equipped with FRA 106/S Raman
module and Nd-YAG laser of 500 mW power. Quartz cuvettes with a
back-placed mirror were used for handling colloidal samples. The 
spectra were recorded in the 3500–100 cm—1 spectral range at a reso- 
lution of 4 cm—1 and averaged over 128 scans. 

 
Deposition number 2250177 (for 11) contains the supplementary 
crystallographic data for this paper. These data are provided free of 
charge by the joint Cambridge Crystallographic Data Centre and 
Fachinformationszentrum Karlsruhe Access Structures service. 

 
The solvents, sodium cacodylate buffer ( = 0.05 M, pH = 7.0), 

dimethyl sulfoxide (DMSO, Alfa Aesar), and toluene (Sigma-Aldrich) 
were used without further purification. 
Polynucleotides were purchased as noted: poly A–poly U (Sigma), 
calf thymus (ct)-DNA (Aldrich) and dissolved in sodium cacodylate 
buffer (I = 0.05 M, pH = 7.0). The ct-DNA was additionally sonicated 
and filtered through a 0.45 µm filter to obtain mostly short (ca. 100 base 
pairs) rod-like B-helical DNA fragments. Polynucleotide concentrations 
were determined spectroscopically as the concentration of phosphates 
(corresponds to c(nucleobase)). 
All measurements of interactions with ds-DNA/RNA were performed 
in aqueous buffer solution (pH = 7.0, sodium cacodylate buffer, I = 0.05
M). The UV–Vis spectra were recorded on a Varian Cary 100 Bio spec- 
trometer, fluorescence spectra were recorded on a Varian Cary Eclipse
fluorimeter, and CD spectra were recorded on a JASCO J815 spec- 
tropolarimeter at 25.0 ◦C, equipped with a thermostatting device, using 
appropriate quartz cuvettes (Hellma Suprasil QX, path length 1 cm). 
The absorption spectral changes of 11 and 12 were recorded upon 
stepwise addition of DNA/RNA or BSA stock solutions into the cuvette. 
The absorbances were sampled at 1 nm intervals, with an integration 
time of 10 s. 

Fluorimetric titrations at λexc were performed by adding aliquots of a 
polynucleotide or BSA stock solutions to a solution of the compound. 
The UV and fluorimetric data obtained were corrected for the dilu- 
tion and used for the calculation of binding constants by fitting to the 
dye/BSA 1:1 stoichiometry of the complex formed. 
Thermal melting curves for ds-DNA, ds-RNA, and their complexes 
with the compounds studied were determined as previously described 
[64], by monitoring the absorption change at 260 nm as a function of 
temperature. The absorbance of the ligands was subtracted from every 
curve, and the absorbance scale was normalized. Tm values are the 
midpoints of the transition curves determined from the maximum of the 
first derivative and checked graphically by the tangent method [53]. The 
ΔTm values were calculated by subtracting the Tm of the free nucleic acid 
from the Tm of the complex. Every ΔTm value here reported was the 

average of at least two measurements. The error in ΔT ◦m is ± 0.5 C. 
CD experiments were performed by adding portions of the compound 
stock solution into the solution of the polynucleotide. The spectra were 
recorded as an average of three accumulations with a scan speed of 200 
nm/min and a buffer background was subtracted from each spectrum. 

2.3. SERS analysis 

 
A549 (human lung carcinoma; ATCC CCL-185) were obtained from the
ATCC Cell Biology Collection and were cultured according to the
manufacturer’s instructions. Cells were grown in Dulbecco Modified Eagle’s
Medium (DMEM, Sigma Aldrich, USA) supplemented with 10 % 
of fetal bovine serum (FBS, Sigma Aldrich, USA) at 37 ◦C and 5 % CO2 in 
a humidified atmosphere. Three biological replicas were performed for 
all experiments. 

A Renishaw inVia Raman microscope was used for measurements of 
SERS spectra upon excitation at 785 nm. Laser radiation of 15 mW 
power was focused on the colloidal sample placed in a 40-μL aluminium 
pan using a 5 × microscopic objective (NA = 0.12). The spectra were
recorded in the 3200–100 cm—1 spectral range at a resolution of 1 cm—1 
with an exposure time of 10 s. 

 
The colloidal suspension of silver nanoparticles was prepared by the
reduction of silver nitrate with trisodium citrate using the modified Lee
and Meisel method [54].The UV/Vis absorption maximum of the silver
colloid was 412 nm, and the pH value of the colloidal suspension was 6.9.
The suspension of silver nanoparticles prepared was centrifuged at 5000
rpm for 15 min. The supernatant (85 % of the initial colloidal suspension)
was removed, and the residue containing silver nano- particles (15 %
volume of the initial colloidal suspension) was used as the SERS
substrate. 

 – 
[55] The compounds studied were dissolved in an appropriate vol-
ume of dimethyl sulfoxide (DMSO) under sterile conditions, to obtain 10 
mM stock solutions, and were kept in the dark at + 4 ◦C. Before each 
assay, fresh working solutions were prepared from the stock solution by 
diluting them with DMEM. Cells were seeded on 96 well plates at con- 
centrations of 7 x 103 cells/well in 100 μL of DMEM (10 % FBS) and left 
in the incubator overnight (37 ◦C, 5 % CO2). The next day, 100 μL of the 
working solution was added to the wells, thus the final volume was 200 
μL/well. All measurements were made in quadruplicate. Cells treated 
with the same dilutions of DMSO represented the control, while cells 
treated only with DMEM (10 % FBS) represented the negative control. 
The plate was then incubated for the next 72 h (37 ◦C, 5 % CO2). After 
incubation, the medium was removed, and 40 μL of an MTT solution was 
added to each well. The plate was incubated in the cell incubator for 3 h, 
allowing formazan crystals to form. After 3 h, 170 μL of DMSO was 
added to each well and the plate was placed on a shaker for 20 min, 
allowing the crystals to dissolve. The absorbance of the MTT-formazan 
product was measured with a microplate reader at 600 nm, and the 
absorbance value correlates directly with cell survival. 

 
Starting compound 8 was prepared by previously reported protocols 

[15] (Supp. Info. Scheme SI-3). To obtain 1,3-butadiyne 9, a modified, 
stepwise Cadiot-Chodkiewicz protocol was used, because the electro- 
philic alkyne reagent (bromoethynyl)trimethylsilane would decompose 
under normal one-step Cadiot-Chodkiewicz conditions. In the first step, 
terminal alkyne 8 was deprotonated by nBuLi, followed by treatment 
with 1.1 eq. of CuI to form the copper acetylide, which was not isolated. 
The Cu-acetylide was then reacted with (bromoethynyl)trimethylsilane 
to give 9 (Scheme 2). Another possible route, starting from the bromi- 
nated triarylborane alkyne was not feasible, as the bromination of 8 
could not be achieved selectively using NBS. Alkaline deprotection of 9 
gave the terminal 1,3-butadiyne derivative 10, which is quite unstable, 
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Scheme 3. 

Scheme 2. 

 11  

 10. 

 12. 

Stepwise Cadiot-Chodkiewicz-coupling to form 9,

Oxidative Cu/Pd-catalyzed diyne homo-coupling to give tetrayne

 followed by alkaline deprotection to obtain

,and subsequent methylation yielding the triflate salt

and was stored at —30 ◦C or used immediately after preparation. 
In a Pd/Cu co-catalyzed Glaser-type reaction, 10 was then homo- coupled
yielding tetrayne 11. To obtain a water-soluble dye, 11 was then
methylated at all four nitrogens, to give the triflate salt 12. (Scheme 3). Full
details of the characterization of the compounds are provided in the
Supporting Information. 
In addition to the diyne already reported [15] and the tetrayne
described above, we attempted to synthesize the corresponding triyne
(Scheme 4, Supp. Info. Scheme S4). We thus used our recent method-
ology based on alkyne metathesis, [22] which requires an unsymmet-
rical diyne containing a bulky group on one end and a non-hindered
group on the other end. We hypothesized that the triarylylboron group
of compound 9 could provide sufficient steric hindrance to prevent the 
adjacent C≡C bond from reacting, knowing that the trimethylsilyl (TMS)
group was small enough [56]. Therefore, compound 9 was reacted with 
the Fü rstner catalyst Mo-1 [57] in toluene at room temperature for 4 h. 
However, no trace of the expected triyne was observed. Instead, diyne 
14 was isolated in 53 % yield (entry 1) [58]. As we suspected that the 
TMS group was in fact too large to allow discrimination between the two
C≡C bonds, the diyne 10 was then investigated. Unfortunately, no
conversion was observed, and only the starting material was recovered 
(entry 2). This agrees with the fact that some Mo-catalysts are poisoned 
by terminal C≡C bonds [59]. In a last attempt, we used compound 13 

which contains two diynes linked by an alkyl chain instead of a TMS or H
end group. After reaction under the same conditions, only diyne 14 was
isolated in 43 % yield, but again no triyne was detected (entry 3). We
conclude that the triarylylboron group was not bulky enough to prevent 
the adjacent C≡C bond from reacting. Thus, unfortunately, we were not 
successful in synthesizing the triyne analogue of 11. 

 
The molecular structure of compound 11 was obtained by single- 

crystal X-ray diffraction (Fig. 1). 
The alkyne rods display a parallel staggered orientation (see Sup- 
porting Information, Fig. S1). The distance between the rods is 4.444(2) 
Å , whereby they are kept apart by the bulky end-caps. The length of the 
chain, measured between the two boron atoms, is 20.382(2) Å , while the 
rod is slightly bent in an S-shape with a variation of 176.12(14)◦ — 
177.73(16)◦ for the C — C — C angles. The dihedral angle between the 
two aryl rings attached to the tetrayne rod is 74.46(4)◦. 
Compared to our previous molecular modelling results with close 
analogues of 11 and 12 and biorelevant targets [47,48], the structure of 
11 in solid state retained rod-like structure, which fitted well into ds- 
DNA/RNA grooves, thus suggesting that novel compounds 11 and 12 
could retain a similar binding mode and affinity toward ds-DNA/RNA. 

 
3.2. Single-crystal X-ray diffraction 



Scheme 4. 
 9, 10,  13  Mo-1 (Mo-1 Alkyne metathesis of diynes and with  (Ph3SiO)3Mo(CC-C6H4-4-OMe)). 

 
Fig. 1. Molecular structure of 11 in the solid state with thermal ellipsoids drawn at the 50% probability level. Hydrogen atoms are omitted for clarity. Atom colours: 
carbon (grey), boron (yellow), nitrogen (blue). 

=

Moreover, for the very close diyne analogue 24+ (Scheme 1b) the
orientation of such a rod-like structure controlled the intensity of the SERS
signal and also its sensitivity to the sensing of biotargets [15], thus the
tetrayne presented herein could show enhanced sensing ability. 

 
The linear optical properties of 11 and 12 were investigated in so- 
lution (Fig. 2 and Table 1). Both compounds absorb in the UV and to ca. 
475 nm in the visible region of the spectrum and the absorption is barely 

affected by the solvent polarity. The emission spectra of neutral tetrayne
11 are broad and featureless, being dominated by characteristic local
charge-transfer bands, arising from the NMe2-arene-B moieties. The 
emission spectrum of 12 shows a vibronic fine structure, along with a 
reduced quantum yield. Compound 11 exhibits a solvatochromic emis- 
sion redshift of 3825 cm—1 from toluene to diethyl ether solutions, while 
for 12 the emission redshift from EtOH to water is only 410 cm—1, as 
methylation of the amines shuts off the charge-transfer process. 

Due to its poor solubility in water, a stock solution of 11 was pre- 
pared in DMSO at c = 0.005 M and diluted in buffered aqueous solution 

 
3.3. Photophysical properties 
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Fig. 3. a) UV/Vis spectra; b) Fluorescence spectra, 11 (c 
Done at pH 7.0, sodium cacodylate buffer, I = 0.05 M. 
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Fig. 2. Normalized absorption (dashed) and emission (solid) spectra of
solution (right). 
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ct-DNA

8.1 
8.4 
6.9 

pApU

8.0 
8.1 
7.6 

pA

6.0 
b 

7.2 

pG

6.6 
6.4 
7.5 

pC

6.4 
b 

7.4 

pU

6.5 
b 

6.7 

BSA

7.4 
7.1 
8.2 

in further experiments, whereby the absorbance was proportional to
concentration up to c = 2 × 10—5 M (Supp. Info., Fig S3). The stock 
solution of tetracationic 12 was prepared in water at c = 0.01 M. So- 
lutions of the compounds, stored at + 8 ◦C, were stable for at least one
week. Changes in the UV/Vis spectra of 11 and 12 were negligible upon
temperature increase up to 95 ◦C. The UV/vis spectra of the aqueous
solutions of 11 and 12 differ (Fig. 3A), with the absorption of neutral 11
being shifted bathochromically, similarly to the fluorescence emission
(Fig. 3B). Both compounds’ fluorescence intensities are proportional to
concentration up to c = 2 × 10—6 M, showing negligible changes with 
temperature. All results indicate that the compounds do not aggregate 
by intermolecular stacking under the experimental conditions 
employed. 

 
As previously studied triarylborane analogues15,42,47,48 showed 
intriguing biorelevant interactions and, being strong chromophores and 
fluorophores, act as probes for various DNA/RNA sequences and pro- 
teins, we studied the interactions of derivatives 11 and 12 with the most 
commonly used ds-DNA representatives, namely naturally isolated calf 
thymus (ct)-DNA, the most commonly used synthetic ds-RNA repre-
sentative, poly A – poly U, as well as synthetic ss-RNAs consisting of 
common four nucleobases (poly, A, poly G, poly C, poly U). For a model 
protein, we used bovine serum albumin, BSA. 
The addition of ds-DNA resulted in a moderate hypochromic effect in 
the UV/Vis spectra of 11 and 12 (Supp. Info., Fig. S4) and, for 12, a 
pronounced bathochromic shift was observed. However, small changes 
and insufficient solubility of the compounds did not allow accurate 
calculation of the binding constants. 
The intrinsic fluorescence of 11 and 12 was strongly quenched by the 
addition of any ds-DNA or ds-RNA (Fig. 4, Supp. Info. Figs S5–S6). The 
addition of ss-RNAs also quenched the emission of 11 (Supp. Info. Figs 
S7–S10) but in most cases resulted in precipitation of 12, likely due to
the neutralisation of ss-RNA negative charge by tetracationic 12. Most
fluorimetric titrations allowed the processing of the data by the
Scatchard equation [60] to obtain the binding constants (Table 2). 
The addition of BSA resulted in opposite changes in the fluorescence of
the compounds studied fluorescence; the emission of 11 was quenched
and that of 12 was strongly increased (Fig. 5). This behaviour can be
correlated with the strong solvatochromism of the neutral 

 
analogue 11 (as shown in Fig. 2, left) at variance with the negligible 
changes observed for tetracationic 12 (Fig. 2, right). Obviously, these 
fluorophores respond very differently to changes in their solvation shell, 
which occurs upon insertion of a molecule in the deep, strongly hy- 
drophobic binding site inside BSA. 

Detailed analysis of binding constants (Table 2) revealed that 11 and 
12 have similar, 5–10 nM affinity toward ds-DNA/RNA, which is order 
of magnitude stronger in comparison to dyne analogue (24+, Scheme 
1)15 whereas affinity relation toward BSA is opposite: 24+ binding 
stronger than tetraynes 11 or 12. Thus, the length of the “-yne” linker 
directly controls the binding selectivity ratio between ds-DNA/RNA and 
protein (BSA), in a way that a shorter linker better fits into the BSA 
binding site, whereas a longer linker accommodates within DNA/RNA 
groove with more flexibility, allowing stronger interactions of triar- 
ylborane ends with DNA/RNA backbone. 

Surprisingly, neutral analogue 11 showed to be a more applicable 
dye for ss-RNAs than tetracationic analogue 12, later causing precipi- 
tation of its complex with ss-RNA due to the neutralization of the anionic 
RNA backbone by four positive charges of the triarylborane end-groups. 
However, the affinity of 11 or 12 toward ss-RNA was an order of 
magnitude weaker in comparison to shorter dyne analogue 24+. Since 
ss-RNA do not have a well-defined secondary structure, available 
experimental data do not allow the accurate explanation of difference in 
binding constants, thus supporting future studies of the most promising 
analogue 11 with short RNA oligonucleotides by NMR techniques. 

3.4. Interactions with ds-DNA, ds-RNA and BSA 

Table 2 

Bindingconstants (log Ks)a calculated from the fluorescence titrations of 11 and
withctDNA, ds-RNA (pApU), ss-RNAs and BSA at pH 7.0 (buffer sodium 12 
cacodylate, I = 0.05 M). 

a Titration data with DNA or RNA were processed according to the Scatchard 
equation,61 with the correlation coefficient R > 0.999, the best fit obtained for 
ratio n[dye]/[polynucleotide] = 0.1–0.3, for better comparison all data re-fitted 
to n = 0.2; for ss-RNA, the best fit obtained for ratio n[dye]/[polynucleotide] = 
0.4–0.7, for better comparison all data re-fitted to n = 0.5; and titration with BSA 
was fitted to the 1:1 stoichiometry of dye/BSA complex. bPrecipitation. cPub-
lished results.15. 

 
Fig. 4. a) Changes in fluorescence spectrum of 11 (c = 3.5 ×10—7 M, λexc = 420 nm) upon titration with ctDNA, Inset: Dependence of emission at λmax = 561 nm on c (ctDNA)
fitted to the Scatchard equation; b) Changes in fluorescence spectrum of 12 (c = 5 ×10—7 M, λexc = 415 nm) upon titration with ctDNA, Inset: Dependence of emission at λmax =
482 nm on c(ctDNA) fitted to the Scatchard equation Done at pH 7.0, sodium cacodylate buffer, I = 0.05 M. 

11
12 
c24+ 



 12 Fig. 6. CD titration of ctDNA (c
sodium cacodylate, I = 0.05 M). 
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Fig. 5. a) Changes in the fluorescence spectrum of 11 (c 
(BSA); (bottom left); c) changes in fluorescence spectrum of 
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= 420 nm) upon titration with BSA; b) Dependence of 11 emission at λmax = 561 nm on c
M, λexc = 415 nm) upon titration with BSA; d) Dependence of 12 emission at λmax = 479 
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3.5. Circular dichroism (CD) experiments 

To obtain insight into the changes in polynucleotide properties induced by
small molecule binding, we employed CD spectroscopy as a highly sensitive
method to observe conformational changes in the sec- ondary structure of
polynucleotides [61]. In addition, achiral small molecules 11 and 12 can
acquire induced CD (ICD) upon binding to polynucleotides, which could
provide useful information about modes of interaction [62]. 

The addition of tetracationic 12 caused only a moderate decrease in
ds-DNA/RNA CD spectra and no measurable ICD bands (Fig. 6), sug-
gesting only a minor decrease of ds-polynucleotide chirality, as a
consequence of the partial unwinding of the double helix. Similar effects
observed for both ds-DNA and ds-RNA suggested that 12 is predomi-
nantly binding within the hydrophobic grooves of the polynucleotides,
whereby the absence of ICD bands at > 300 nm could be attributed to 
the non-uniform orientation of chromophores within binding sites.63 
Addition of the neutral compound 11 resulted in a similar but less 
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pronounced effect (Supp. Info., Fig. S11), likely due to the binding within
similar binding sites, but with no electrostatic contribution (which is
present in tetracationic 12). These CD results, along with the observed
strong binding affinity of 11 and 12 to DNA/RNA (Table 2) and thermal
stabilization effects (Table 3), support binding into ds-DNA minor or ds-
RNA major groove, as demonstrated previously for our other triarylborane
chromophores.15,47,48 

 
Thermally-induced dissociation of the ds-polynucleotides into two 
single-stranded polynucleotides occurs at a well-defined temperature 
(Tm value), this property being quite sensitive to the small molecule 
binding. Non-covalent binding of small molecules to ds-polynucleotides 
usually increases the thermal stability of the ds-helices, thus resulting in 
an increased Tm value, and this increase (ΔTm) can (in corroboration 
with other methods) be related to the various binding modes [63]. In our 
previous studies, cationic triarylboranes usually strongly stabilized ds- 
DNA or ds-RNA; thus, we performed experiments with 11 and 12. 
Similar to previous analogues15 (Scheme 1, 24+), the addition of 11 
or 12 at saturation ratio r[dye]/[polynucleotide] = 0.3 resulted in 
precipitation of dye/polynucleotide complex, thus hampering the 
determination of ΔTm values. Presuming that neutralization of the DNA/ 
RNA negative charge by the dye could be the reason for precipitation, 
we performed experiments at low ratios r = 0.05 and 0.1 (Supp. Info., 
Fig. S12 and S13), at which homogeneous solutions of the complex were 
preserved. 

The results (Table 3) revealed that the neutral compound 11 does not 
stabilize double-stranded DNA or RNA against thermal denaturation, in 
line with previously studied neutral triarylboranes,15 whereas tetraca- 
tionic 12 showed moderate stabilization of ds-DNA/RNA, comparable to 
its diyne analogue15 24+. 

 
We have recently reported several groups of bis-triarylborane fluo- 
rophores equipped with either diyne or aryl-diyne linkers, which acted
as simultaneous Raman (SERS) and fluorescence probes.47,15 Thus, the
tetrayne bis-triarylboranes 11 and 12 were studied under comparable
conditions. 
A silver colloid for SERS measurements was prepared using a pre- 
viously described protocol.47,15 Due to the low solubility of 11 in water, 
working samples for concentration-dependent SERS measurements were
prepared by dissolution of a stock solution of 11 (c = 1 × 10—4 M in 
DMSO) in an appropriate volume of DMSO, followed by the addition of 
the silver colloid. The DMSO volume ratio (v/v) was 20 % in the samples 
prepared, and the final concentrations of 11 were 5 × 10—6 M and 1 ×
10—5 M. 

The SERS spectra of non-charged 11 in the silver colloidal suspension 
resembled the SERS spectrum of pure DMSO (Supp. Info., Fig. S14), and
the observed vibrational bands corresponded to vibrational modes of
DMSO (Supp. Info., Table S1). The lack of SERS bands for 11 was
attributed to the absence of interactions with the metallic surface. Most 

likely, the neutral 11 molecules were not able to adsorb onto the metal
surface due to negatively charged citrate ions surrounding the silver
nanoparticles. 
In contrast to non-charged 11, tetracationic 12 showed a pronounced
SERS spectrum, stressing the importance of positive charge for the
binding to the negatively charged Ag nanoparticles’ surface. The
concentration-dependent SERS spectra of 12 (c = 1 × 10—7 M, 5 × 10—7 
M, 1 × 10—6 M, 5 × 10—6 M and 1 × 10—5 M), obtained upon excitation at 
both 785 nm and 1064 nm (Fig. 7, A and B), allowed the assignment of 
the SERS bands (Table 4). In addition to attractive electrostatic in- 
teractions, a band at ca. 225 cm—1, assigned to Ag — N stretching, 
indicated the chemical bonding of the molecules studied with the silver
surface. Despite NIR excitation, a raised baseline was observed in the
SERS spectra as the result of the fluorescence of 12. 
In the SERS spectrum of 12, a band at ca. 2130 cm—1 is assigned to
the stretching of the triple C≡C bond, while a band at 1592 cm—1 (at
1598 cm—1 upon 785 nm excitation) is attributed to a phenyl stretching
mode in the triphenyl borane units. The bands at 1256 and 1133 cm—1
(1264 and 1139 cm—1 upon 785 nm excitation) originate from the
phenyl vibrational modes, while a band at ca. 1090 cm—1 is associated
with the stretching of the bonds between the boron atom and the phenyl
rings. The most intense SERS spectrum of 12 was obtained at a con- 
centration of 5 × 10—6 M. At this concentration, 12 molecules were most 
likely perpendicularly oriented towards the metal surface when the 
scattered radiation was most enhanced. A decrease in 12 concentration 
was followed by a diminution in the intensity of the characteristic 12 
bands, pointing to a detection limit of 5 × 10—7 M. 

As both ct-DNA and BSA were prepared in Na-cacodylate buffer, the 
effect of the buffer on the SERS spectrum of 12 was investigated (data 
not shown). An increased baseline was obtained in the spectra of the 
buffered samples upon excitation at 785 nm as well as at 1064 nm, most 
likely due to aggregation of Ag nanoparticles induced by ions in the 
buffer solution. However, new bands were not observed, and the posi- 
tion of the existing ones did not change after adding the buffer to the 
sample. 

Comparison of data for 12 with previously studied diyne analogues15 
collected at comparable conditions (laser excitation 758 nm) revealed 
two distinctive differences in the signal attributed to the C≡C triple 
bond. The tetrayne band maximum at 2134 cm—1 is shifted by 81 cm—1 
to lower energy with respect to the diyne band at 2215 cm—1, agreeing 
well with analogous systems under biorelevant conditions.52 However, 
the lowest detection limit of the diyne signal at 2215 cm—1 (5 × 10—8 
M)15 is superior to the lowest detection limit of the tetrayne signal at 
2134 cm—1 (5 × 10—7 M). Thus, simple multiplying of triple bonds does 
not lead to a proportional increase of the SERS signal. 

As only the tetracationic derivative 12 showed SERS spectrum, we 
studied the impact of DNA or BSA addition with this molecule only. 
Samples of 12/ct-DNA complexes were prepared by mixing the com- 
pound with ct-DNA resulting in 12/ct-DNA molar ratios of 1/1, 1/3, 1/5, 
1/10, (c(12) = 5 × 10–6 M). 

In the SERS spectra of 12/ct-DNA complexes (Fig. 8), the baseline 
was increased due to dye fluorescence; however, it decreased with 
higher contents of DNA in the complex. Bands characteristic of 12 were 
obtained in the spectra of the complexes at compound/ct-DNA molar 
ratios of 1/1 and 1/3, whereas at compound/ct-DNA molar ratios of 1/5 
and 1/10, the spectra corresponded to the spectrum of the colloid. 
The SERS spectra of 12/BSA complexes at the molar ratios of 1/1, 1/ 
5 and 1/10 were measured, (c(12) = 5 × 10–6 M). Unlike the complexes 
with ct-DNA, the addition of even the smallest amount of BSA 
completely quenched the SERS spectra of 12 (Supp Info, Fig. S15). Such 
an effect was also observed in our previous studies and was attributed to 
the binding of 12 deep into the binding pocket of BSA,47,15 thus 
completely removing the dye from the Ag nanoparticles’ surface. 

3.7. Raman/SERS studies 

3.6. Thermal denaturation experiments 
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Fig. 7. Raman spectra of the silver colloid (orange) and concentration-dependent SERS spectra of 12 (c = 1–––100 × 10—
displaced for visual clarity. A) Excitation wavelength λex = 1064 nm, laser power 500 mW; B) Excitation wavelength λ

 

7 M) in the silver colloid. The spectra are 
ex = 785 nm, laser power 15 mW. 

in Na-cacodylate buffer, pH 7.0, (black); the ratio of 12/ct-DNA is depicted in the figure. The spectra are displaced for visual clarity. A) 
= 1064 nm, laser power 500 mW; B) Excitation wavelength λex = 785 nm, laser power 15 mW. 
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Prior experiments in this work showed that 11 and 12 strongly bind 
to ds-DNA/RNA, which, if it happens in the cells, can cause strong
cytotoxicity.49 To study the cytotoxic effect of compounds 11 and 12, 
the human lung carcinoma cell line (A549) was treated with 10 μM, 1 
μM and 0,1µM solutions of the corresponding compounds, and cell 
survival was assessed by the MTT assay,56 whereby in comparison to the 

control cells (not treated by compound), the compounds showed negli-
gible toxicity (Fig. 9). 

Based on the similar non-toxicity of previously studied analogues, in 
future research compounds 11 and 12 could be safely used as cellular 
probes – to that goal, detailed biological studies, beyond the scope of this 

chemistry-focusedwork, are in progress. 
4. Conclusions 

Newly prepared bis-triarylborane dyes linked by tetraynes were
synthesized in both, neutral and tetracationic form. Both molecules are
moderately fluorescent in solution and exhibit characteristic alkyne
stretching absorptions in their IR and Raman spectra. 
The tetracationic derivative 12 binds with submicromolar affinity to ds-
DNA or ds-RNA within the DNA/RNA grooves, somewhat stronger in
comparison to previously studied cationic triarylboranes.15 In contrast to
previously studied neutral triarylboranes, neutral analogue 11 also
interacted with ds-DNA/RNA. Both compounds bind strongly to ss-RNA,
particularly neutral 11 showing a strong emission response. 

The addition of BSA caused an opposite effect on the fluorescence of 
the chromophores; the emission of neutral 11 was quenched and that of 
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3.8. Biological studies 
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cationic 12 was strongly increased. Such a selective response was
attributed to the very different electronic properties of fluorophores and
resulting solvatochromic response, thus finely sensing the change in
solvation shell upon insertion of molecule in the deep, strongly hydro-
phobic binding site inside BSA. 

Thus, tetracationic derivative 12 is an excellent fluorimetric probe for
distinguishing between DNA/RNA (quenching) and for BSA (strong
increase). 
Both compounds exhibit Raman spectra in the solid state; however,
upon the addition of a silver colloid, only the tetrayne linker of tetra-
cationic 12 showed a measurable SERS spectrum at submicromolar
concentrations, in contrast to neutral 11. This result stressed the
importance of electrostatic interactions between the positively charged
small molecule and the negatively charged citrate layer on the silver
colloid, which is essential to the uniform orientation of small molecules
in a favorable position to obtain a SERS signal. Comparison with pre-
viously studied diyne analogues15 revealed a tetrayne band with a 
maximum at 2134 cm—1 shifted by —81 cm—1 with respect to the anal- 
ogous diyne, in agreement with analogous systems under biorelevant 
conditions.52 However, the ~ 20 % loss of intensity compared to the 
diyne analogue15 points out that simply multiplying the number of triple 
bonds does not lead to a proportional increase in the SERS signal. 
Therefore, our recently reported alternative route of introducing an 
aromatic moiety in the center of the diyne linker,47 which actually 
increased the lowest detection limit to nanomolar concentrations, is a 
far more promising route for the design of novel fluorescent/Raman 
probes. 

The SERS signal intensity was proportional to 12 binding to ds-DNA 
and was completely quenched by the smallest amount of BSA, such a 
specific response being attributed to the complete immersion of the dye 
within BSA, thus losing contact with silver colloid. 

Both new dyes did not show any cytotoxicity in human cell lines and 
therefore can be applied as safe probes for in vitro studies. 

Thus, tetracationic probe 12 yields the opposite and specific 
response for ds-DNA/RNA/ss-RNA in comparison to protein BSA, in 
both, fluorescence and SERS signal. These results strongly support 
further research of DNA/RNA/protein targeting fluorescence/Raman 
(SERS) probes and encourage the development of analytical protocols in 
biorelevant conditions, including sensing inside living cells (new com- 
pounds being non-toxic). 
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