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Abstract

In this study, the newly synthesized 4'-(1H-phenantro[9,10-d]-imidazol-2-yl)-bifenyl-4-
carboaldehyde - PB2 was investigated as a fluorescent dye. For this reason, the spectroscopic
properties in solvents of different polarity were studied. The experimental data were
supported by quantum-chemical calculations using density functional theory. Measurements
and theoretical calculations showed that PB2 compound is characterized by the non-
monotonic solvatochromism, strongly polar charge transfer excited state, large Stokes' shift,
high fluorescence quantum yield and high fluorescence lifetime. Simulations using AutoDock
presented in this study, showed that after conjugation with Concanavalin A in the active site

with LYS200, the PB2 possesses the highest probability of binding affinity. Circular



dichroism (CD) measurement was performed to monitor the changes of the secondary
structure of Concanavalin A induced by the presence of PB2 fluorophore. These results
indicate that the addition of PB2 influences the secondary structure of Concanavalin A, but
does not affect the interactions with carbohydrate moieties. Finally, by using fluorescence
microscopy it was demonstrated that the PB2 is the photostable fluorescent probe and PB2
conjugate Concanavalin A exhibits a blue fluorescence. The results of this study have
implications in designing PB2-protein conjugate as a valuable alternative to commercial

probes designed for cellular labeling in biological and biomedical research.

Keywords
Fluorochrome; Solvatochromism; Conjugation and Bioimaging; Electronic excited state;

Density functional theory; AutoDock



1. Introduction

In recent years, one of the most developing branches of medical sciences is the
fluorescence technology. This method allows for sensitive and easy study of intermolecular
interactions and the transcriptional dynamics of the cell nucleus [1-2]. In particular,
fluorescent imaging and flow cytometry become the standard and highly sensitive methods
for detection of pathogens and their reliable location inside the human body [3-8]. In this
field, in vivo the fluorescent imaging in medicinal diagnostics is the visualization technique of
fluorescent probes pointing to the structural changes in tissues and biochemical processes.
This allows for a detailed analysis and monitoring of the location and dynamics of genes,
proteins, dyes expression and molecular interactions in cells, functionality of cells and
physiological parameters in a less time-consuming way [9-10]. The signal from the
fluorescent probe in site of interactions can be modulated and for this reason sensors relying
on activation and not just accumulation, can be utilized. Nevertheless, one of the major steps
in this science is to design and synthesize probes with the appropriate properties and thus this
technology is often limited. Primarily, the fluorescent dyes used herein should have
appropriate sensitivity and allow for the correct identification and quantitative determination
by non-destructive and non-invasive analysis of biochemical processes in vivo at the cellular
and molecular level [11-17]. Specific qualities are desirable for fluorescent nanostructures:
low toxicity and good solubility, high chemical and environmental stability, tolerance by
living cells and large penetration depth in living tissues, high photostability, large signal to
noise ratio, sharp absorption and emission under excitation, large Stokes' shift, bright
fluorescence, high quantum yield and resistance to photobleaching [18-21]. Furthermore, they
require an appropriate and specific reactive group allowing for an easy connection to
macromolecules. The most important ones are: -CHO, -NH,, -SH, N-hydroxysuccinimide

ester and isothiocyjanate groups.



The main aim of this study was the synthesis and spectroscopic characteristics of a
new compound belonging to the imidazole class, containing -CHO as a functional group: 4'-
(1H-phenantro[9,10-d]-imidazol-2-yl)-bifenyl-4-carboaldehyde - PB2. Imidazoles are very
popular in many areas of clinical medicine and are widely used as: antiepileptic agents,
antiparasitic, anthelmintic, anti-inflammatory, analgesics and platelet aggregation inhibitors
[22-27], antineoplastic antibiotic, muscarinic receptor antagonist, antiulcerative, prohormone,
benzodiazepine antagonist, antihyperthyroid and hypnotic agents [28-31], as well as
ratiometric fluorescent probe for hydrogen sulfite [32], a ratiometric fluorescent probe for
cysteine and hemocysteine [33], antimicrobial drug [34], sensitive fluorescence ratiometric
probe for cyanide with its application for detection of cyanide in natural water samples and
biological samples [35], solar cells [36], multifunctional agents for treatment of Alzheimer's
disease [37]. Therefore, the primary objective of this work was to evaluate the usefulness of
the newly synthesized PB2 dye in potential applications as fluorescent probes in living cell
imaging technology and flow cytometry. The experimental data were supported by quantum-
chemical calculations using density functional theory (DFT) [38-44]. The choice of this
method is due to its adequate precision in reproducing experimental data, from structural to
spectroscopic parameters of many classes of compounds at relatively low computational costs
[45-54]. The theoretical investigations were supplemented by molecular docking in exploring

the best binding site, to which the PB2 has the highest affinity.



2. Methodology section
2.1. Experimental part
2.1.1. Materials and synthesis

All reagents and solvents were obtained from Aldrich Chemical Co. The 2-(4-
bromophenyl)-phenanthro[9,10-d]imidazole was synthesized based on the procedures taken
from literature [55].

The 4'-(1H-phenanthro[9,10-d]-imidazol-2-yl)-biphenyl-4-carboaldehyde, PB2 was
obtained according to literature [56] using 2-(4-bromophenyl)-phenanthro[9,10-d]imidazole
(2,7 mmol), 4-formylphenylboronic acid (3 mmol), P(Ph3)Pd(OAc), (0,011 mmol), 1-
propanol (15-20 mL), Na;COzyq (6 mL, 2M), water (5 mL + 20 mL) and 2% NaHCO; [Fig 1].

Fig.1.
CagH1gN20; 398.45532 g/mol; mp 267.5 °C; 36.9% vyield; R¢ = 0.36 for methanol-chloroform

0.1:10 v/v.

'H NMR (DMSO-ds) & (ppm): 7.67 (m, 2H, Ar), 7.77 (m, 2H, Ar), 8.06 (m, 6H, Ar), 8.48-
8.46 (d, J=8.0 Hz, 2H, Ar), 8.60-8.58 (d, J=8.0 Hz, 1H, Ar), 8.64-
8.62 (d, J=8.0 Hz, 1H, Ar), 8.87-8.85 (d, 1H, J=8.0 Hz, Ar), 8.91-
8.89 (d, J=8.0 Hz, 1H, Ar), 10.09 (s, 1H, CHO), 13.58 (s, 1H, NH)
3C NMR (DMSO-dg) & (ppm): 193.2 (CHO), 122.4, 122.5, 124.3, 124.6, 125.7, 126.0, 127.2,
127.6, 127.7, 127.8, 128.1, 130.7 (CH), 122.8, 127.4, 128.3, 128.4,
130.9, 135.7, 137.7, 139.6, 145.4, 148.9 (C)
IR (KBr) (cm™): 3604, 3048, 1699, 1601, 1559, 1530, 1481, 1455, 1429, 1308, 1269, 1221,
1169, 1044, 1003, 961, 820, 761, 746, 725, 691, 614, 499
Throughout the manuscript the following notation was adopted: 1.4-Dx - 1.4-dioxane;
Et,O - diethyl ether; THF - tetrahydrofuran; MeCN - acetonitrile; DMF - N,N-

DiMethylFormamide; DMSO - DiMethylSulfoxide.



2.1.2. Measurements

The 'H (400 MHz) and **C (100 MHz) NMR spectra were recorded on a Bruker
Ascend™ 400 NMR spectrometers. Dimethylsulfoxide (DMSO-dg) was used as the solvent
and tetramethylsilane (TMS) as internal standard.

The IR spectra of the synthesized salts were recorded using a Bruker Vector 22 FT-IR
spectrophotometer (Germany) in the range 400-4500 cm™, by KBr pellet technique.

HPLC analysis was done by Waters HPLC systems equipped with Waters 2489 UV-Vis
detector (detection wavelength was 370 nm), Waters 1525 Binary HPLC Pump and a
Symmetry C18 column (3.5 um, 4.6 x 75 mm). Separation was conducted under isocratic
conditions with 0.8 ml/min flow rate, 25°C, 10 pl injection volume and HPLC grade
acetonitrile as a mobile phase.

Melting points were determined on the Buchi M-565 Melting Point apparatus.

Absorption and emission spectra in solvents of different polarity were recorded at room
temperature using a Shimadzu UV-vis Multispec-1501 spectrophotometer and a Hitachi F-
4500 spectrofluorimeter, respectively.

The fluorescence quantum yield of the tested compounds (¢) was calculated using

equation (1):

2
IAref X nT (1)

I refA Nt

o= ¢ref

where:
drer 1S the fluorescence quantum yield of the reference (Coumarin 1 in ethanol ¢ = 0.64
[57]) sample in ethanol, A and A are the absorbencies of the compound under study and

reference sample at the excitation wavelength (404 nm), | and I are the integrated emission



intensities for the tested compounds and reference sample, nand ny are the refractive indexes
of the solvents used for the compounds and the reference, respectively.

The fluorescence lifetimes were measured using an Edinburgh Instruments single-
photon counting system (FLS920P Spectrometers). The excitation was provided by a
picosecond diode laser generating pulses of about 55 ps at 375 nm. The compounds were
studied at a concentration needed to provide absorbance of 0.2-0.3 ina 10 mm cell at 375 nm.

The fluorescence decays were fitted as sums of two exponentials. The average lifetime, zy

was calculated as zy= (Ziain)/(Ziai), where o; and 7 are the amplitudes and lifetimes.

2.1.3. General protein labeling procedures

Concanavalin A (carbohydrate-binding protein) was conjugated with a PB2-
fluorophore in phosphate-buffered saline (PBS, 10mM phosphate, 150mM NaCl, pH 7.4).
Briefly, two milligram of Concanavalin A was resuspended in 1 mL of buffer solution and 50
uL of 5 mg/mL PB2 in dimethyl sulfoxide (DMSO) was added during vigorous mixing. The
Schiff bases formed by amine-aldehyde coupling were reduced by adding 10 pL of 5M
sodium cyanoborohydride in 1 N NaOH per 1 mL reaction volume, and the reaction was
allowed to proceed overnight at 4 °C. After an overnight incubation at 4 °C in the dark,
unlabeled PB2 dyes were separated using a dialysis membrane centrifuge tube at 7000g for 10
min. The conjugated PB2-Concanavalin A solution retained in the dialysis tube was collected
and diluted in PBS to a protein concentration of 1 mg/mL. The degree of labeling was
determined by measuring the absorbance at 280 nm for Concanavalin A and at Aags Of the
PB2 on a Varian Carry 50 Bio spectrophotometer (Varian, USA). The resultant product was
stored at 4 °C.
2.1.4. Fluorescence imaging

Candida albicans ATCC 10231 and Yarrowia lipolytica A101 strains were grown in a

liquid yeast-peptone-glucose (YPG) medium consisting of (per liter) 10 g of yeast extract, 20



g of peptone (both from Difco), and 20 g of glucose at 28 °C with constant shaking at 200
rpm. The overnight cultures of both yeast strains were centrifuged and washed twice with
PBS, pH 7.4. Then, the yeast cells were stained for 30 min at 28 °C with PB2-Concanavalin A
conjugate (final concentration 0.025 mg/mL) in the PBS. Images were obtained using a Zeiss
Axio Scope Al microscope (Zeiss, Jena, Germany) with a 100x objective lens and Zeiss filter
set FSO1 for fluorescence microscopy. Assays were carried out three times. Representative

images are presented in Fig. 5.

2.1.5. Circular dichroism spectroscopy

Circular dichroism spectra of 0.1 mg/mL Concanavalin A solutions were recorded on
a Jasco model J-1500 spectropolarimeter (Jasco, Tokyo, Japan) at 25 °C under a constant flow
of nitrogen gas, in the absence and presence of a PB2 probe. The scanned wavelength domain
was 190-260 nm and the time constant, scan speed, bandwidth/resolution, 50 nhm/min, 2 nm

and 200 millidegrees, respectively. The spectra represent the average of 9 scans. CD
intensities are expressed in Ag (dm3-mol™-cm™). The analysis of secondary structural contents

was performed using K2D3 web server. K2D3 web server is an online tool used to assess the
secondary structural elements in the form of a-helix and B-strand from the far-UV CD spectra
ranging from 190 to 240 nm [58].
2.2. Computational details

The geometrical parameters of PB1 dye in its ground (Sg) and excited (Scr) state were
optimized by using density functional theory (DFT) approach, with the PBEOQ functional [59-
60] implemented in Gaussian 09 program package [61] with TIGHT threshold option.
Inclusion of this functional to designate the molecular structures is justified by the correct
description of the spectroscopic parameters in terms of experimental data for many classes of

D-z-A dyes [62-64]. For each optimized structure of the ground and excited state, the analysis



of Hessians was conducted to verify that all the structures correspond to the minima on the
potential energy surface.

By applying the time-dependent density functional theory (TDDFT) [46-48] vertical
absorption and emission spectra were determined. The TDDFT treats the Sy and Scr states
with equilibrium solvation. For the best consideration of the solvent impact on the
fluorescence spectra, the ground state should be calculated with non-equilibrium solvation
[65-66]. This was taken into account by including the state-specific (SS) corrected linear
response (CLR) approach [67] to the theoretical calculations. In the SS approach the solvent
dynamic polarizations are determined by the difference of the electron densities of the initial
and final states [68-70].

The polarity of the excited state was evaluated by numerical differentiation of the

excitation energies (E):

A,u‘ige _ Ecr(+FY)-Ecr(-Ft) Eg(+FY)-Eg(-FY) @)

_2FL 2F
where i states for the Cartesian component of the dipole moment difference. In these
calculations there was used an electric field F of 0.001 a.u. strength.

Calculations of the spectroscopic parameters were conducted in connection with
standard-hybrid PBEO functional, as well as long-range asymptotically corrected LC-wPBE
[71-73], CAM-B3LYP [74] and «B97XD [75] functionals. The solvent effect on the linear
optical properties has been taken into account using the Integral Equation Formalism for the
Polarisable Continuum Model (IEF-PCM) [76-77].

The AutoDock 4.2 [78-80] simulations were applied to identify the site with the
highest affinity of PB2 dye relative to protein. The explorations of the binding site were
performed using a united-atom scoring function implemented in AutoDock Vina [81]. The
AutoDock Tools software package was used in order to prepare the PB2 molecule as a ligand

and Concanavalin A as a macromolecule. All the water molecules and Ca, Mg and Xe atoms



were removed from the crystal structure of Concanavalin-A downloaded from the Protein
Data Bank in Europe (PDB ID: 2a7a) [82]. According to the literature [83], the conjugation of
molecules containing aldehyde as a functional group with a macromolecule occurs via
formation of a Shift base between the aldehyde and an amino group of a lysine residue. Then,
a reduction to a secondary or tertiary amine occurs, which gives a stable alkylamine bond. In
order to reflect this, the grid box was adjusted in such way that the space included the
individual -NH2 group of lysine's side chain, in subsequent simulations. The docking region
on the target protein was defined by establishing a grid box with the dimensions of X: 18; Y:
18; Z: 18 A, with a grid spacing of 1 A. In AutoDock 4.2 simulations, the Lamarkian genetic
algorithm was employed to identify appropriate binding energy and conformation of the PB1
dye. For each atom of the receptor molecule, Gasteiger charges were calculated. The docking
procedure was repeated ten times for each lysine.

The simulations of biological activity were performed using a combination of the

3D/4D QSAR BiS/MC and CoCon algorithms developed by ChemoSophia company [84-86].

3. Results and discussion
3.1. Experimental
3.1.1. Absorption and fluorescence spectra

Figure 1 shows the illustrative electronic absorption and the fluorescence spectra for the
tested compound in selected solvents. Table 1 collects the values of the absorption and
fluorescence maximum positions, molar absorption coefficients, Stokes shifts and
fluorescence quantum vyields for the phenanthroimidazole derivative. Their electronic
absorption spectra displays a broad band with a maximum in the range from 370.5 to 377.5
nm and high molar absorption coefficients ranging from 35 900 M™cm™ to 44 600 M™ecm™.

The inspection of the data in Table 1 shows that the position of the z-z* absorption band

10



depends slightly on solvent polarity. This indicates a less polar character of the compounds in
the ground state.
Table 1.
Fig. 2.

As indicated in Figure 2 and Table 1, the solvent polarity significantly affects the position of
fluorescence spectral maxima. The emission spectra are red-shifted by ca. 80 nm as the
solvent polarity increases. This, exemplified by the increase of emission maximum from 465
nm in diethyl ether to 545 nm in DMSO, observably indicates the change in charge
distribution within the molecules in the singlet excited state. Reasonable correlation has been
found between both the fluorescence peak maxima and the Stokes’ shift parameter and the
solvent polarity scale, E1" (Fig.3).

The substantial red shift of the emission spectra and an increase of Stokes shift with
solvent polarity suggest an increase of the dipole moment in the excited state with respect to
that of the ground state.

Fig. 3.

Besides fluorescence band position also its intensity is affected by solvent polarity. As
shown in Fig. 4, the fluorescence quantum yield of PB2 decreases with increasing solvent
polarity Et". Such behaviour is characteristic for compounds with a highly polar ICT excited
state [87]. The decrease in fluorescence intensity with increasing solvent polarity indicates
that the PB2 reveals a positive solvatokinetic behaviour. According to literature data [88-90],
in such a case a non-radiative decay is prominent in the compound due to efficient internal
conversion and/or intersystem crossing by extensive mixing between the close-lying (z-7")
and *(n-r') states. The observed linear correlation between the fluorescence quantum yields of
PB2 and E1" scale demonstrates the opposite effect to the previously studied compound PB1

(4-(1H-phenanthro[9,10-d]-imidazol-2-yl)-benzaldehyde) [91]. This means that introduction
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of the second phenyl ring to the structure of the PB1 affects the fluorescence properties to a
great extent.
Fig. 4.

For the tested compound two-exponential fluorescence decays were observed (Table
2), with first components lifetime close to 2 ns and the second of about 0.3-0.6 ns. Moreover,
the shortest average fluorescence lifetimes are observed in diethyl ether. The correlation
between the fluorescence average lifetimes and E1" solvent polarity parameter for PB2 clearly
demonstrates the sensitivity of its fluorescence behaviour to the solvents. The fluorescence
lifetimes increase with an increase of solvent polarity. What is more, for PB2 the fluorescence
quantum yield is indirectly proportional to its lifetime i.e. as the ¢r decreases with increase of
solvent polarity, the tg increases. This is probably due to the strong interaction between the

strongly polarized molecule and solvents in the excited state.
Table 2.

Based on the average lifetimes and quantum yields of fluorescence data, radiative (k;) and
nonradiative (k,,) rate constants have been calculated according to Egs. 3 and 4. The values

are collected in Table 3.

k=281 3
Tav
Tav

Analysis of the data collected in Table 3 indicates that the k/k,, ratio changes with
solvent polarity. For PB2 compound the ratio increases with increasing polarity of the
medium pointing to the increasing role of non-radiative processes, due to the enhancement of
intersystem crossing, internal conversion and vibrational deactivation [92-94]

Table 3.

12



The obtained spectral results suggest that PB2 may be available for use as a
fluorescence labeling reagent for the circular dichroism measurements and fluorescence

microscopy of glycoproteins in biological samples.

3.1.2. Protein labeling with PB2 fluorophore

The binding of the probes to protein has gained importance in a lot of different fields
in biomedical research. This method is based on the fluorescence detection of
macromolecules (such as proteins or antibodies) labeled with probes [95-96]. The PB2 probes
with reactive aldehyde groups formed Schiff bases with the primary amines of Concanavalin
A. The reaction efficiency and bond stability between aldehydes and primary amines was
increased by the addition of sodium cyanoborohydride.

The internalization of the synthesized probe was examined at cellular level of the
Candida albicans and Yarrowia lipolytica cells using fluorescence microscopy to achieve the
optimal concentration and time exposition. The spectral study shows that the PB2-
Concanavalin A conjugates accumulated selectively in yeast cells exhibits a blue fluorescence
with excitation filter BP 365/12 nm and LP 397 nm emission filter (Fig. 5). On the basis of
our results, it is concluded that the PB2-Concanavalin A conjugate is characterized by strong
and stable fluorescence, what is a promising sign for serious application for this compound as
a fluorophore for biomolecules. Our data were compared to those obtained performing a
similar systematic study on the interaction of fluorescein isothiocyanate (FITC), one of the
most used fluorescent probes for labeling of proteins and antibodies [97-98]. Our results
recommend PB2 as a possible valuable alternative to FITC for use as fluorescent label for
proteins. Our further studies will include the labeling of antibodies, by taking advantage of the
reactive group on PB2 (—CHO) able to bind covalently to amines, lysine g-amines and N-
terminal a-amines groups of the antibody, and studying the antigen—antibody interaction.

Fig. 5.
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3.1.3. Effects of PB2 on the Concanavalin A secondary structure

The circular dichroism spectrum of Concanavalin A is that of a typical lectin, with a
negative band near 220 nm revealing a content of 3-sheet structure [99]. Fitting the spectrum
of native Concanavalin A at 25 °C vyielded a 40.04% p-sheet and only 2.97% a-helical
structure. The PB2-Concanavalin A conjugate caused a secondary structural change of the
lectin to 26.55% B-sheet/14.22% a-helical. These spectral changes suggest the occurrence of
bulk conformational modifications due to fluorophore binding to the primary amines of
Concanavalin A (Fig. 6).

Fig. 6.

3.2. Theoretical aspect

For the investigated dye, the lowest-lying singlet excited state is the CT state (bright state).

Structures and geometrical parameters of the PB2 dye after optimization were shown in Fig. 7
and Table S1. Firstly, the CT state is more planar than the ground state. The Sy is twisted on
C8-C10 bond and during excitation this twisting is not observed. For Scr dihedral angles 7-8-
10-11 and 9-8-10-15 become smaller by more than 2.2° while 7-8-10-15 and 9-8-10-11 angles
become larger by more than 2.2°. After the excitation, the twisting on the C13-C16, which is
present in Sq and Scr, undergoes a slight straightening. In this case, for the ground state
dihedral angles 12-13-16-17 and 14-13-16-21 are longer by 22° and 12-13-16-21 and 14-13-
16-17 are shorter by more than 22°. Although in the CT state bonds linking aromatic parts
(C8-C10, C13-C16, C19-C22) are reduced by more than 0.025A, the structure of the excited
state seems to be longer (C1/2-C22). This is due to the fact that aromatic rings are slightly
flattened and bonds such as N7-C8 and N9-C8 are lengthened by over 0.017. Not without
significance is the effect of solvent on the structure of the tested dye. Primarily, the structure
of ground state is shortened while for the Sct it is lengthened in the function of the solvent

polarity. Mainly, this is the result of reduction of the dihedral angles for Sy and increasing
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them for Scr. Moreover, for both structures there can be discerned a linear increase or
decrease of the bond lengths and angles relative to the polarity of the environment. The
exception is water where this relation is often disrupted. This observation is in correlation
with the solubility of the PB1 molecule, in relation to the free energy of solvation (AGsovation)
[100] (see Table 4). In water the AGgopvation 2dopts the smallest value, decreased by more than
45% relative to the MeCN for which it has the greatest value. This growth in conjunction with
structural changes significantly affects the solubility in water. The PB2 dyes is very weakly
soluble in water and the calculated solubility is: 5.4:107 mol/l (in 25°C, 298.15 K, 760
mmHg).
Fig. 7.
Table 4.

According to Fig. 8, the charge transfer excitation is dominated by HOMO-LUMO
transition. The HOMO s distributed over the entire molecule while the LUMO is mainly
located on the benzaldehyde fragment and partially on the imidazole part. The -CHO group is
a moderately deactivating substituent but after excitation the electron-cloud mainly
accumulates on benzaldehyde. For this reason, the lowest-lying excited state can be assigned
as a z-7* transition mixed with ICT process. In this system, the C8-Ar-C22 plays the role of
the system with z-conjugated double bonds and may be favourable for nonlinear optical
properties. Moreover, in all solvents the studied dye is characterized by high value of the Ecap

(over 3 eV, see Table S2) which indicates a high fluorescent efficiency and good stability
[93]. The value of chemical hardness (#), predicted from HOMO-LUMO, is relatively low

and therefore the PB2 should be treated as a soft molecule. For this reason, its reactivity is
very high and it undergoes uni-molecular reaction (such as with proteins) relatively quickly
and easily.

Fig. 8.

15



Fig. 9.

Fig. 9 presents the molecular electrostatic potential (MEP). The MEP analysis is very
useful in designing new fluorescent probes because localizing the active electrophilic and
nucleophilic region specifies the sites where the molecule can participate in the formation of
H-bonds as well as determines the intermolecular interaction. The PB2 dye has two strong
regions for electrophilic attack (red sites) localized on C20 and at the C14-C15 bond. Thus,
the extensions of the molecule by the introduction of an additional benzene ring relative to the
4-(1H-phenanthro[9,10-d]-imidazol-2-yl)-benzaldehyde (PB1) [91] causes a constant negative
site at C12 (benzaldehyde part) and the appearance of an additional region in the middle ring.
In addition, the external imidazole rings adopt a more negative value than in the case of PB1.
Maximum positive (blue) sites for nucleophilic reactivity are localized on the hydrogen atom
at the N7-H. However, in contrast to PB1 where only one strong positive region was
observed, in the case of PB2 dye strongly positive electrostatic sites also appear at the C13-
C16 bond linking the benzene rings and in the central imidazole ring. Thus, increasing the
structure of the molecule is associated with increasing the potential sites from where the dye
can experience intermolecular as well as can undergo non-covalent interactions.

Table 5.

Theoretically determined one-photon absorption spectra (14L,., OPA) are listed in
Tables 5 and S3. Among the vertical excitation energies (AE), the values closest to
experimental ones are obtained using PBEO functional. Its application shifts the maximum of
the 142 . towards longer wavelengths, however this bathochromic shift is not large and on
average is 27 nm. In turn, the long-corrected functionals lead to significantly overestimated
AE and the average error is 36 nm, 62.6 nm and 46 nm for CAM-B3LYP, LC-oPBE and
®B97XD, respectively. As mentioned earlier, in the absorption process the ground state

should be considered in non-equilibrium solvation and therefore the cLR-TDDFT calculations
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have been performed (see Table S4). Firstly, the cLR approach gives the OPA maxima shifted
towards longer wavelengths and the values obtained for the long-corrected functionals are
approaching the experimental data. In the case of PBEO, including the state-specific solvation
correction causes that the error for PBEO becomes larger and the overestimation is on average
47.6 nm. This time, the functional giving the most reliable results turned out to be ®B97XD,
which induces a bathochromic shift by only 14 nm. Such correct predictions for this
functional were not observed in the case of PB1 dye. What is more important, both models in
an analogous way describe the solvatochromic behaviour. Presented data shows, that PB2
dye is characterized by non-monotonic solvatochromism. The transition from gas phase to the
weakly polar solvent is associated with the red shift and for theoretical data it occurs up to
THF. In a more polar MeCN the opposite is visible but in DMF there is a positive
solvatochromism. In DMSO there are some inconsistencies, because in terms of
solvatochromic behaviour the results consistent with the measured values are obtained with
TDDFT, while cLR-TDDFT provides a hypsochromic shift. In water, for both approaches
there is observed a re-negative solvatochromism. The PB1 dye was characterized by the same
solvatochromic behaviour. Taking into account the measured data, placing an additional
benzene ring in the structure of the PB2 dye results in a shift of the maximum absorption
bands in the direction of longer wavelengths by only 1 nm in weakly polar and 4 nm in polar
solvents. For TDDFT calculations these values are 1nm and 3nm but for cLR-TDDFT they
increase to 12nm and 6 nm, respectively.

According to HOMO-LUMO plots, photoexcitation to the charge-transfer state leads
to substantial changes in the electron density of the solute and these differences in the solute-
solvent electrostatic interaction energy between Sy and Scr induce a strong solvatochromic
shift. For this reason, a linear dependence of the solvatochromic shift on the dipole moment

difference (Aug_cr) between ground (Hg) and CT states (uUcr) should be excepted. For

17



compounds with positive solvatochromism, pct > pgand the excited state is characterized by a
high polarity which results in a significant decrease of the AE. In contrast, the blue shift
occurs when the ground state is better stabilized by polar solvents than the CT state and g >
McT what intensifies the AE of the solute. Moreover, the hypsochromic shift occurs also when
H-bond interactions are present which additionally enhances the intensity of the CT
absorption band [102]. For the tested PB2 dye, a pct > g dependency is observed in all
solvents (see Table S5). Dipole moments of the ground and CT states increase in the function
of solvent polarity, except for DMF where pcr is reduced by about 0.1D. The PB2 exhibits

strongly polar charge-transfer state (Aug_cr > than 13 D and 8 D for PBEO and CAM-B3LYP
respectively) but this uptrend cannot be concluded explicitly. For PBEO, the Au,_cr enhances
with the solvent polarity and only in DMF a disorder of this behaviour is observed. For other
functionals, the increase of Aug,_cr follows up to Et;O while from THF it is reduced and only
in water there is observed an enhancement of the CT state polarity. For this reason, the pure
electrostatic contributions to the solvent-solute interactions do not occur and the short-range
specific interactions such as H-bond or self-aggregation should be expected. The comparison
of the vertical OPA determined theoretically and experimentally (see Fig.10) also reveals
some inconsistencies. In the region of interest, an additional peak in the measured absorption
spectra is visible in the main band, near 350nm. For TDDFT this peak is more separated and
located at 310 nm. However, in all cases this peak as well as the main band have the same
intensity and occur independently of the solvent polarity. Therefore, the reasons for its
formation should be sought in a n-z transition or the presence of the aldehyde group
(additionally calculated maxima of the 242, are: benzaldehyde - 195.17 nm; acetaldehyde -
206.73 and 245.50 nm; formaldehyde - 223.70 nm, see Fig. S1). In this connection it should
be assumed that PB2 dye, as well as PB1, tend to self-aggregate in medium and polar

environments which induces the reversal solvatochromism [103-104]. This is in accordance
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with the MEP plots where there are regions from which the studied compound can undergo
not only H-bond interactions with protein but also with other molecules. As it can be derived
from previously presented research [64] this situation does not have a significant effect on the
in-vivo studies.
Fig. 10.

The calculated emission spectra (A£%,.) were shown in Tables 5 and S6. As in the case
of the OPA spectra, closest to the experimental data are AFl,. obtained using PBEO. This
functional overestimates the de-excitation energy in weakly polar 1,4-Dx and Et,O and

underestimates it in polar MeCN, DMF and DMSO. In each case AAfL,_pggo> 12 nm. The

asymptotically corrected functionals shifted A%, towards shorter wavelengths by more than
30 nm and among them the values closer to measured ones are given by CAM-B3LYP. In
THF the used functionals provide the fluorescence maximum with an error at the lowest level,
while for MeCN and DMSO discrepancies are the highest in relation to the experimental data.
After state-specific correction, PBEO shifts the bands maxima in the direction of longer
wavelengths and as a result increases the difference to the measured values. For other
functionals, the SS correction does not work correctly. After using cLR-TDDFT, the
differences in A£},. between computed and measured values are significantly increased and
the hypschromic effect is enhanced. On the other hand, predictability of solvatochromic
behvior is similar in both approaches. Transition from the vacuum to weakly polar 1,4-Dx is
associated with a bathochromic shift. From Et20 the non-monotonic behavior in function of
the solvent polarity is observed. The reversal solvatochromism visible in Et,O and in polar
solvents confirms the conclusions for the OPA about solute-solvent interactions. Moreover,
similarly to the 2225, the electric permittivity of the environment does not affect the intensity
of the fluorescence spectra and the additional peak disappears. These observations do not

allow to clearly exclude the possibility of H-bonds formation. However, they confirmed that

19



in less polar solvents the PB2 dye tends mainly to self-aggregate, while in strongly polar ones
the specific solute-solvent interactions may occur. Similar conclusions came from the analysis
of the PB1 dye.

One of the coefficients specifying the usefulness of a dye as a fluorescent probe in
bioimaging is the Stokes' shift. As mentioned in experimental part, the PB2 is characterized
by a large value of AvSt which increases as a function of solvent polarity but is slightly
decreased in water. For ab inito calculations, only PBEO effectively reflects the behavior of
Stokes' shift in relation to the solvent. For asymptotically corrected functionals a decline in
the AvSt value occurs from MeCN while in water these values grow. In the case of PBEO, the
Stokes' shift increases with increasing dielectric constant up to water, where it is reduced.
However, the values nearest to the experimental ones are obtained with CAM-B3LYP and
AvSt is underestimated, except for water, and the average relative error is 147.6 cm™. For
PBEO the average overestimation is 1881.6 cm™. The use of state-specific approach leads to
underestimation of the AvSt which enhances the difference to the measured data. Despite the
fact that both functionals correctly reproduce the behaviour of the Stokes' shift relative to the
solvent, the AAZL,_ i r_rpprr are 6338.2 cm™ and 2098.9 cm™ for CAM-B3LYP and PBEO
respectively. Analogous dependence was observed for the PB1 dye. Therefore it should be
noted that PBEO is almost a universal tool in the description of spectroscopic properties of
fluorescent probes.

As mentioned in the methodology section, the conjugation of PB2 with Conacavalin A
occurs via formation of a Shift base between the aldehyde of the dye and amino groups of a
lysine residue and next by reduction (with participation of NaBH,4 which acts as the reductive
agent) to a secondary or tertiary amine to give a stable alkylamine bond. Thus, it is possible to
connect the dye to a macromolecule in several places. In order to identify the most probable

site for dye-protein conjugation, the AutoDock procedure was employed. As shown in Table
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S7, the lowest binding free energy (AGy, in kcal/mol) characterizes the sites with LY S200 and
the calculated inhibition constant (K;) is 0.24 mM. In this active site, the PB2 dye posses the
highest probability of potential binding affinity with the active site of the Concanavalin A [105-
106]. As it was shown in Fig. 11, in this location the fluorochrome probe is efficiently
inserted into the aromatic cage formed by LYS200 and GLY45 interacts with aldehyde group;
SER201 directed toward C16 and SER164 interacting with imidazole part. This binding is not
stabilized by the z-7 stacking interaction and also the presence of H-bonds is not observed.
The slightly higher value of AGy, is observed for the binding active site created by the VAL79,
ILE29, LYS30 and ASN237, where LYS30 is directed towards C11 in central ring. However,
the AAG, between these locations is only 0.2 kcal/mol and the K; value is doubled and
increases to 0.45 mM. As before, a z-x stacking interaction is not observed, as well as no H-
bonds. For the third binding active site (LYS114) with a relatively high affinity, the AG,
increases to -5.4 kcal/mol and K; is increased to 0.70 mM. The PB2 is sandwiched between
the aromatic cage of LYS14, THR123, THR112, HIS127, GLU192 and MET129. The
fluorochrome is positioned by CHO group towards THR123 and LYS114 interacts with C16
of benzaldehyde. Moreover, in this location a H-bond forms between N7-H and the oxygen
atom of the THR112 (3.125 A) which is consistent with the MEP analysis. The formation of a
H-bond may have an effect on the growth of the inhibition constant. For the active site with
LYS101 with lower affinity and where H-bond is not observed, the K; is reduced by 0.29 mM.
In all active binding sites the PB2 dye is twisted with respect to the reference geometry (Sy).
This twisting occurs on the C8-C10 and C13-C16 bonds. The biggest twisting is observed in
the location with LYS200 where the torsion angle C8-C10-C16-023 changes form -34.2° for
the Sy structure to 69.4° after docking. Additionally, the O23 in the aldehyde group is oriented
in a line with N7-H hydrogen. For other mentioned binding modes this angle is decreased and

the oxygen atom remains in the orientation analogous to S.
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Fig. 11.

Requirements for fluorescent probes are not only the specific characteristics of their
spectroscopic properties, but also specific physicochemical features. One of them is the
bioavailability [107]. The possibility and rate of penetration through biological membranes
and consequently, probability of achieving an appropriate concentration in the region of
action is referred to LogP. This value determines the absorption and the permeability across
cell membranes. For the PB2 dye the calculated LogP = 4,85 +0.36 and according to the
Lipinski "5" rule, is characterized by relatively good bioavailability [108]. The studied
compound is characterized by high metabolism at CYP-450 (the calculated probabilities are
0.6668 and 0.9938 for the CYP450-2D6 and CYP450-3A4, respectively). So, after
completing the task as a fluorescent marker, it will be quickly removed from the body without
interacting with other drugs [109]. Another important parameter indicating bioconcentration is
LogBCF. It refers to the process of uptake and build up of chemicals in living organisms. The
calculated LogBCF = --4.89558 and suggests that PB2 molecule will not be bioaccumulative
in living organisms. Moreover, the calculated probability of toxicity is 0.46 +0.1 what
indicates a moderate toxicity (the range 0.2-08). Therefore, insertion of an additional benzene
ring relative to the PB2 dye does not amend significant difference to LogP (ALogPpg2-pe1 =
0.04) and LogBCF (ALogBCFpga-ps1 = 1.01). However, it reduces the probability of toxicity
by 0.23. On the other hand, the PB2 can be used in many other areas of medical sciences. This
dye is characterized by many biological activities and exhibits such properties as: Anti-Tumor
Cycline-dependent kinase 4 inhibitory activity; Anti-Tumor DNA anti-metabolitic activity;

HIV1-proteaze inhibitory activity and others (see Fig.S2).
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Conclusions

Synthesis, spectral, photophysical and some of biological activities in different
solvents of new phenanthroimidazole derivatives: 4'-(1H-phenantro[9,10-d]-imidazol-2-yl)-
bifenyl-4-carboaldehyde (PB2) were presented. The experimental measurements showed a
significant effect on the position of absorption and emission spectra. The emission spectra are
red-shifted by ca. 80 nm resulting in a large Stokes' shift. The high molar absorption
coefficient, indicating intramolecular charge transfer (ICT) characteristics of the transition
and decreasing the fluorescence quantum vyield in function of solvent polarity, suggests that
PB2 is characterized by a highly polar ICT excited state. For this dye, the fluorescence
quantum yield is indirectly proportional to the lifetime which may be due to some interaction
between the strongly polarized molecule and solvents in the excited state. The theoretical
calculated vertical excitation energies, as well as the state-specific corrected linear response
approach clearly indicate that PB2 compound exhibits the non-monotonic solvatochromism.
By contrast, the correlations of the polarity of the CT state in function of solvent polarity
showed that this dye exhibits strongly polar charge transfer excited state and a red shift should
occur. Therefore, the observed non-monotonic behaviour is associated with a tendency of
self-aggregation in some environments which also may affect the solubility. The AutoDock
simulations pointed out that the active site near LYS200 is the most probable location where
the conjugation of PB2 with Conconavalin A will occur. This binding active site is
characterized by lowest AGy, values and the inhibition constant is only 0.24 mM. Interactions
with macromolecules are purely van der Waals interactions and no z-z stacking nor H-bonds
are observed. Moreover, theoretical calculations showed that CT state is more planar than the
ground state and after docking the structure of PB2 dye undergoes greater twisting, which
occurs on the C8-C10 and C13-C16 bonds. The usefulness of this compound in biomedical

imaging was confirmed by fluorescence microscopy imaging. The in-vitro study showed that
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the PB2 conjugate Concanavalin A exhibited a blue fluorescence with high stability and
intensity. Therefore this compound has potential applicability as a fluorescent probe for
protein detection, for example for labelling of lectins, for detection of specific carbohydrate
moieties and antibodies for immunofluorescence assays. On the other hand, the tested dye is
characterized by moderate toxicity, good bioavailability and low bioaccumulative in living
organisms. All of these properties make the PB2 dye a promising potential compound for

fluorescence bioimaging.
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Graphical abstract: Spectroscopic properties of PB2-Concanavalin A conjugate
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Fig. 1. A route for synthesis of PB2 dye.
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Fig. 2. Normalized electronic absorption and fluorescence spectra of PB2 in MeCN.



Py Py o—8 ._._.-._
25000 -
20000 -
H-E PB2
ﬁ’ 15000 m  Stokes shift; R>=0.990
= ® v, R’=0.043
10000 vy R°=0.984

T T T T T T T T T i T T T T T T
0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50
EN

T

Fig. 3. Influence of solvent polarity on spectral shift for PB2 dye.
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Fig. 4. Plot of both fluorescence quantum yield and averaged fluorescence lifetime of tested

compound versus E;".
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Candida albicans ATCC 10231 Yarrowia lipolytica A101

PB2
conjugate Concanavalin A

Nomarski

Fig. 5. Fluorescence microscope images of Candida albicans and Yarrowia lipolytica cells in the
presence of dye-protein conjugate. The lectin Concanavalin A labelled with PB2 binds specifically to

polysaccharides present in the cell wall of this yeast and fluoresces blue. Scale bars — 20 um.
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Fig.6. Circular dichroism spectra of Concanavalin A (0.1 mg/mL) in presence of PB2 fluorochrome.
Concanavalin A (solid line); PB2-Concanavalin A (dashed line); PB2 (dotted line).
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Fig. 7. Structures of studied dye in selected solvents.
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Fig. 8. Plots of HOMO and LUMO for PB2 dye.
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Fig. 9. The MEP surfaces for PB2 dye. Values are expressed in a.u.

47



_ v

J‘\ ; XA&\;\V L
50 450 [nm]
. .

S
e

fnm]

N
NN -
N

450
Comparigon o
efically (

. Co
signated theor

48



Fig. 11. Interactions between PB2 dye and the active sites in the Concanavalin A.
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Tables

Table 1. Values of the absorption and fluorescence maximum positions, molar absorption coefficients,

Stokes shifts and fluorescence quantum yields for the tested dye.

A IM] & [MPem™ 270 [nm] - ¢m[nm] Ay [em™]

max max

1,4-Dx 373.5 44600 465.4 0.577 5287
Et,O 372.5 36400 465.4 0.664 5359
THF 374.5 39200 486 0.622 6126

MeCN 370.5 37050 540.6 0.416 8493
DMF 375.5 39800 534.2 0.4497 7912

DMSO 377.5 35900 545.4 0.3879 8155

Table 2. Fluorescence lifetimes of PB2 in different solvents.

7, [ns] 7, [ns] a, a, 7, [ns] X

1,4-Dx 0.512 1.843 17.21 82.79 1.614 1.235
Et,O 0.484 1.675 6.564 93.44 1.597 1.229
THF 0.509 1.963 9.144 90.86 1.830 1.312
MeCN 0.403 1.889 6.28 93.72 1.796 1.212
DMF 0411 2.438 5.445 94.56 2.328 1.278
DMSO 0.421 2.445 6.657 93.34 2.310 1.304

Table 3. Radiative (k;) and non-radiative (k) rate constants in different solvents.

K (L0°S™)  Kor (10°S™) K¢ /Koy

1,4-Dx 3.58 2.62 0.73
Et,O 4.16 2.10 0.51
THF 3.40 2.07 0.61
MeCN 2.32 3.25 1.40
DMF 1.93 2.36 1.22
DMSO 1.68 2.65 1.58
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Table 4. Calculated free energies of solvation in kcal/mol.

AGsolvation

CAM-B3LYP LC-oPBE PBEO
1,4-Dx -20.92 -20.42  -23.40
Et,O -21.86 -21.60  -23.62
THF -22.77 -22.71 -24.72
MeCN -27.01 -27.84  -26.95
DMF -24.73 -25.95 -25.14
DMSO -21.14 -21.33  -22.46
Water -14.55 -15.65  -14.83

Table 5. The vertical and SS corrected excitation and ed-excitation energies (in nm) and oscillator

strength calculated using PBEO.

TDDFT CLR-TDDFT

Ab FI Ab FI
ica Ic fOS ica Ic ica Ic ﬂ“ca Ic

Gas phase 391.48 0.8306 446.46
1,4-Dx 399.88 1.0156 479,86 419.99 487.88

Et,O 396.26 1.0063 478.00 421.43 507.10
THF 401.78 1.0319 479.50 425.12 519.05
MeCN 400.33 1.0230 526.10 418.57 552.96
DMF 403.42 1.0507 521.78 422.39 556.31

DMSO 404.21 1.0472 531.64 422.09 554.42
Water 400.03 1.0208 524.41 418.68 553.21
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Highlights

1. For PB2 dye the charge-transfer excited state is more planar than the ground state.

2. The PB2 compound exhibits the non-monotonic solvatochromism.

3. The PB2 dye has potential applicability as a fluorescent probe

4. The PB2 conjugates with Conconavalin A in the active site near LYS200
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