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Abstract: As the most abundant protein with a variety of physiological functions, human serum
albumin (HSA) has been used extensively for the delivery and improvement of therapeutic
molecules. Thiolactone chemistry provides a powerful tool to prepare albumin-based multimodal
imaging probes and agents for Boron Neutron Capture Therapy (BNCT). For this purpose, boron
containing BODIPY dye was designed and synthesized. BODIPY dyes are photostable neutral
derivatives of 4,4-difluoro-4-bora-3a,4a-diaza-s-indacene. These are widely used as chemosensors,
laser materials and molecular probes. In the same time, BODIPY dyes as most other fluorophores
have small or moderate Stokes shifts. Large Stokes shifts are preferred for fluorophores because of
higher sensitivity of such probes and sensors. We succeeded to perform an annulation of pyrrole
ring with coumarin heterocyclic system and achieved a remarkable difference in absorption and
emission maximum of obtained fluorophore up to 100 nm. Moreover, this BODIPY dye was
equipped with linker arm and was functionalized with a maleimide residue specifically reactive
towards thiol groups of proteins. The released sulthydryl groups of the homocysteine functional
handle in thiolactone modified HSA was labeled with BODIPY dye to prepare a labeled albumin-
BODIPY dye conjugate confirmed by MALDI-TOF-MS, UV-vis and fluorescent emission spectra.
The cytotoxicity of HSA conjugate was evaluated by MTT assay in cell lines MCF-7 and T98G. This is
the basis for a novel BODIPY dye -albumin theranostic for BNCT. These results provide further
impetus to develop derivatives of HSA for delivery of Boron to cancer cells.
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1. Introduction

Boron neutron capture therapy (BNCT) is a promising cancer treatment modality based on the
nuclear capture of slow neutrons by stable 1°B atoms followed by charged particle emission that have
a cell killing effect within 10 um-range. [1] Successful BNCT mainly depends on the selective
accumulation of B including agents in tumor cells. Nowadays only two boron agents,
boronophenylalanine (BPA) and borocaptate sodium (BSH), have been used clinically [2-4].
However, both compounds do not correspond all the required criteria. Therefore, new boron-
containing conjugates with tumor-targeting proteins HSA was designed and synthesized.

Fluorescent labeling is one of the best available method of sensing. BODIPY dyes are fluorescent
compounds that have many advantaged over other classes of dyes, such as high extinction, high
fluorescent quantum yields, excellent photo- and chemical stability [5]. However, most BODIPY dyes

Chem. Proc. 2020, 1, Firstpage-Lastpage; doi: FOR PEER REVIEW www.mdpi.com/journal/chemproc



Chem. Proc. 2020, 1, FOR PEER REVIEW 2

have small Stokes shifts (15-40 nm) [5]. The annulation of 7-dimethylaminocoumarin to the BODIPY
core have been used to solve the problem [6]. This functionalization has a dual purpose. On the one
hand, it shifts emission to red region and enhances the penetration of the light into tissues avoiding
an interaction with the bioenvironment. On the other hand, it increases Stokes shift.

Herein we report synthesis and spectral study of a new non-symmetric BODIPY dye having 7-
dimethylaminochromeno([4,3-b]pyrrol-4-one and pyrrole equipped with a linker arm carrying a
carboxyl group for biopolymer labelling. Conjugation of this new dye to human serum albumin
(HSA) and some physico-chemical and biological properties of the conjugate are described.

2. Results and Discussion

2.1. Chemistry

A condensation of a-proton containing pyrrole with ketopyrrole annulated with coumarin was
described as direct and convenient method to achieve asymmetrically substituted BODIPY dyes [5].
The synthetic route to target coumarin-fused BODIPY 1 is shown in Scheme 1.
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Scheme 1. Synthesis of BODIPY 1. Conditions: (a) POCls, CH2Clz, RT 48 h; (b) 3, POCls, CH2Cl:, RT,
96 h; (c) TEA (5 eq), BFs*OEt2 (30 eq), RT, 48 h, yield 89%; (d) conc. aq. HCl:dioxane 1:5, RT, 6 h, quant.

The BODIPY precursor 2 (Scheme 1) was synthesized according to the published protocol [5]
without significant modifications (7-dimethylaminocoumarin was used instead of 7-
diethylaminocoumarin). Preparation of some BODIPY dyes by condensation with pyrrole-
dicarboxylates was reported in literature [7], but we to failed to remove both carboxyl protective
groups from intermediate 5 (Scheme 2) and further precipitation of pyrrole dicarboxylic acid under
acidic conditions. So, we applied protocol [8] and obtained the monoester derivative 3 from
intermediate 5 in three steps (Scheme 2).

The preparation of BODIPY dye 4 using ketopyrrole 2 and monoester 3 according to protocol [6]
was not successful in our hands because of instability of precursor 3 in the presence of POCls. So, we
tried on to activate ketopyrrole derivative 2 by reaction with POCls during several hours in the
absence of pyrrole 3. After that, the reaction mixture was evaporated and a solution of monoester 3
was added to the residue. In such case, the condensation of derivative 2 with pyrrole carboxylic acid
3 was successful though in some cases an addition of 1-2 eq. of POCls was necessary.
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Scheme 2. Synthesis of pyrrole-2-carboxylic acid 3. Conditions: (a) NaOBn, BnOH, 180 °C, 2 h, yield
50%; (b) HaSO4, MeOH, RT, 2 h, yield 38%; (c) Hz, Pd/C, RT, 1 h, quant.

The yield of compound 4 was 89%. This was characterized by UV-vis, '"H and *C NMR, and
mass spectrometry. The UV-vis absorption spectra of 4 showed the bathochromic shift compared to
the most BODIPY dyes [5,9,10]. Stokes shift is 90 nm that is also higher than most common BODIPY
dyes have (Figure 1).
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Figure 1. Normalized UV-vis absorption (blue) and fluorescence emission (red) spectra of BODIPY
dye 4 in 1% CH2CL/EtOH.

At the last stage in Scheme 1, we carried out an acidic hydrolysis of the methyl ester group of
the linker arm of the BODIPY dye 4 and obtained the target BODIPY dye 1 in a high overall yield.
This was characterized by 'H and ®*C NMR, and mass spectrometry.

1-Amino-6-N-maleimidohexane trifluoroacetate salt 6 was obtained according to [11]. BODIPY-
COOH dye 1 was activated by N,N,N’,N’-tetramethyl-O-(benzotriazol-1-yl)uronium
tetrafluoroborate (TBTU) in CH2Clz2 and conjugated with maleimide 6 (Scheme 3) in a presence of
triethylamine (TEA). After work-up procedure (washing of the diluted reaction mixture with 5%
aqueous NaHCO:;) the target compound 7 was purified by silica gel chromatography in a gradient of
acetone in CH2Clz and precipitated with hexane. The yield of conjugate 7 was 50%. 'H and *C NMR,
and mass spectrometry data confirmed the structure of BODIPY-maleimide derivative 6.
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Scheme 3. Synthesis of BODIPY-maleimide conjugate. Reagents and conditions: (a) TBTU, CH2Clz, 10
min; (b) maleimide 6, TEA, 30 min.

2.2. Bioconjugation

Due to continuous blood circulation and low immunological effect HSA is successfully used as
a core to improve the potential of therapeutic agents [12-19]. The binding of BODIPY residues to
proteins is a rather recent topic for research. BODIPY residues were used as pH-activable fluorescent
imaging probe for cancer diagnosis. Novel acidic probes based on the BODIPY fluorophore were
synthesized, and then covalently conjugated to a cancer-targeting monoclonal antibody. As proof of
concept, ex and in vivo imaging of HER2-positive lung cancer cells in mice were performed [20].
Nanocomplex of nanoparticles from hydrophobic 4,4-difluoro-4-bora-3a,4a-diaza-s-indacene
(BODIPY)-containing CPs and HSA was constructed. It exhibits robust stability in physiological
conditions, excellent photothermic activity upon irradiation, the benefited accumulation in tumour,
and optimal timing of treatment [21]. The pH probe, which has two xanthene donors and one
BODIPY acceptor, was designed. This probe was used to image a noncovalent conjugate of the probe
with bovine serum albumin (BSA) that was imported into endosomes or in the cytosol [22]. Authors
of the another resent work investigated the molecular interactions of two 2,6-diiodo-BODIPY
derivatives with HSA using combined experimental and computational techniques [23]. Publications
concerning albumins describe non-covalent BODIPY conjugates with HSA or BSA [21,22]. In our
work we used the maleimide derivative BODIPY for covalent connection with HSA.

The maleimide fragment mainly allows to attack cysteine residues in protein. HSA has 35
cysteine residues, 34 of that are paired in 17 disulfide bonds. Only Cys-34 is available for site-specific
chemical modification [12]. But DTNB (5,5'-dithio-bis(2-nitrobenzoic acid)) titrations indicate the
sulfhydryl titer for most commercial plasma HSA preparations is approximately 30-40% [24,25]. The
other 60-70% is manly reversibly oxidized as a mixed disulfide with cysteine or in minor amounts
with cysteinyl glycine, homocysteine and glutathione [25]. Thus, we used the derivative
homocysteine thiolactone (HTL) as a covalent linker allowing us to obtain several additional free thiol
groups in the HSA conjugate structure (Scheme 4).

Homocysteine thiolactone (HTL) is a quite valuable synthetic building block to prepare different
multifunctional agents [16-19,26,27]. Because of its dual aminoacyl-thioester character, homocysteine
thiolactone is susceptible to both nucleophilic and electrophilic attack. Self-condensation of two
thiolactones occurs during attempts to obtain the free amino-group; while mutual aminolysis can
form the corresponding diketopiperazine derivative (3,6-bis(2-mercaptoethyl)piperazine-2,5-dione)
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[19,28-30]. The functionalization of the amino group of thiolactone must maintain the integrity of the
thiolactone ring.
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Scheme 4. Thiol functionalization of the protein with homocysteine thiolactone (HTL).

2.2.1. Synthesis of HSA-HcyTFAc-BODIPY Conjugate
The synthesis of HSA-HcyTFAc-BODIPY conjugate was carried out in two steps (Scheme 5).
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Scheme 5. Synthetic path to HSA-HcyTFAc-BODIPY. Drug carrier (shown schematically as a heart-
like bundle of helices)—HSA. A trifluorohomocysteine (HcyTFAc) is used as a functional handle.
BODIPY dye shown schematically as a grey rectangle.

At the step (a), Lys residues of HSA were acylated with the N-trifluoroacetyllhomocysteine
thiolactone (HTLTFAc). The synthetic procedure was adapted from [19]. Briefly: the conjugation
reaction was carried out in the mixture of PBS buffer (pH 7.4, 1.7 mM KH2PO4, 5.2 mM Na:HPOs, 150
mM NaCl) and DMSO (20:1 v/v) at 37 °C, during 42 h. HSA solution (0.84 mM) and 6.5-fold excess of
HTLTFAc were used. Low molecular weight homocysteine derivatives were removed from the HSA
conjugates using a Millipore ultrafiltration tube (Amicon Centriprep YM30, Millipore, Bedford, MA,
USA) having a molecular weight cut-off of 3000 Da. The resulting HSA-HcyTFAc was treated at the
step (b) with maleimide derivative of BODIPY. The conjugation reaction was carried out in the
mixture of PBS buffer (pH 7.4) and DMSO (20:1 v/v) at 37 °C, during 18 h in the dark. Six-fold excess
of BODIPY and 0.7 mM HSA solution were used. The resulting conjugate was also purified using
Millipore ultrafiltration. Characteristics of the resulting HSA-HcyTFAc-BODIPY are shown in Figure 2.

Changes in the molecular masses of the HSA and its conjugates were monitored with MALDI-
TOF mass spectrometry with Bruker Autoflex Speed (Bruker Daltonics, Bremen, Germany). HSA in
native form is a monomer of 585 amino acid residues [31].
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Figure 2. (A) MALDI-ToF spectra of HSA (blue line), HSA-HcyTFAc (green line) and HSA-HcyTFAc-
BODIPY (red line). The family of molecular ions is compatible with the structures shown in the (B).
SDS-PAGE of homocystamide conjugates of the HSA under Laemmle condition with subsequent
Coomassie blue staining. (C) UV-vis spectra of the HSA (blue line) and HSA-HcyTFAc-BODIPY (red
line) in PBS buffer, pH 7.4. (D) Fluorescent spectra of the mixture of BODIPY dye and HSA (ratio
HSA: BODIPY dye = 1:1, excitation wavelength 580 nm, blue line), and HSA-HcyTFAc-BODIPY
(excitation wavelength 590 nm, red line).

However, plasma-derived HSA generally exhibits a broad range of post-translationally
modified forms due to glycation, truncation, oxidation or genetic variants [24,25,32,33]. The TOF
mass analyzers used in these experiments did not measure the m/z values for [M + H]* ions in MALDI
spectra with great accuracy for masses over 60 kDa. MALDI mass spectra for each sample were
recorded in four replicates with m/z values that differed by 20-100 Da. Additionally, the different
post-translationally modified forms caused spectral overlap.

The molecular mass of our HSA A3782 (Sigma-Aldrich) in our mass experiments averaged
66.440 kDa and 33.220 kDa for the double charged protein (Figure 2A, blue line). The HSA-HcyTFAc
conjugate had a measured molecular mass of 66.816 kDa and 33.408 kDa for the double charged
protein (Figure 2A, green line). The difference between the homocystinylated and native species is
376 Da, which corresponds to 1.7 N-homocysteinyl moieties, N-linked by amide linkages to Lys
residues of HSA (N-Lys-HcyTFAc; 214 Da).

The HSA-HcyTFAc-BODIPY conjugate had a measured molecular mass of 67.576 kDa and
33.787 kDa for the double charged protein (Figure 2A, red line). The difference between the
HSA-HcyTFAc-BODIPY and HSA-HcyTFAc (Figure 2A, green line) is 758 Da, which corresponds to
1.1 BODIPY dye, S-linked to SH residue of HSA: Cys34, or free SH group of HcyTFAc residues (linked
BODIPY; 680 Da). The BODIPY residue can be connected to the N-trifluoroacetylhomocystinylated
HSA via Cys-34 as far as N-trifluoroacetylhomocysteine thiol group (Scheme 5).
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Protein conjugation reactions were monitored by 12% Glycine-SDS-PAGE with a 6% stacking
gel (Table 1, Figure 2B). SDS-PAGE of homocystamide conjugates of the HSA under Laemmle
condition [34] revealed formation of higher aggregates while modification of the protein (Table 1,
SDS PAGE without DTT). The aggregates formed are probably obtained due to the formation of S-S
bonds between the monomeric forms of the HSA in the process of homocysteinelation, since the
number of higher aggregates decreases while SDS PAGE with DTT (Table 1).

Table 1. Quantitative data of the SDS-PAGE analysis of HSA conjugates. 2

-, . Monomer

Conditions HSA Type Higher Aggregates -66.5 kDa
Without DTT HSA 23.5 76.5
HSA-HcyTFAc 57.2 428
HSA-HcyTFAc-BODIPY 66.7 33.3
With DTT HSA 16.5 83.5
HSA-HcyTFAc 15.4 84.6
HSA-HcyTFAc-BODIPY 14.8 85.2

aValues are given as percentage of intensity to total intensity in the lane (%). Quantitative data were
obtained by digitizing the gel using GelPro Analyzer software (Media Cybernetics).

UV-vis spectra of the HSA and HSA-HcyTFAc-BODIPY (Figure 2C) revealed the appearance of
absorption bands corresponding to the presence of a BODIPY dye in the structure of the HSA-
HcyTFAc-BODIPY conjugate (359 and 604 nm) along with the absorption band corresponding to
HSA (278 nm). The concentrations of HSA and protein conjugates solutions were determined by
absorption at 294 nm, pH 13, using the molar extinction coefficient ¢ = 4.44 x 10* M~! cm™! with a UV-
1800 spectrometer (Shimadzu, Kyoto, Japan) [31].

Fluorescence spectra were recorded in PBS at 25 °C with Cary Eclipse fluorimeter (Agilent,
USA). The conjugation of the BODIPY dye to HSA (covalently: Figure 2D, red line, or no covalently:
Figure 2D, blue line) gives a protein fluorescent conjugate with large Stokes shift (80-90 nm).
Excitation at 580-590 nm gives fluorescence maximum at 670 nm.

2.2.2.In Vitro Cytotoxicity Assay

The cytotoxicity of HSA conjugates was evaluated in vitro by MTT assay [35]. Briefly,
exponentially growing cells were plated in 96-well plates (~2000 cells per well) and were incubated
(24 h) at 37 °C in RPMI-1640 (5% CO2). The solutions of HSA conjugates were applied in medium
with HSA equivalent concentrations ranging from 0.02-60 uM. Cell viability was assessed at 72 h
after the start of the treatments by MTT. An aliquot (10 uL) of MTT solution (25 mg/mL in PBS) was
added to each well, and the plates were incubated at 37 °C for 3 h. The medium was removed, and
the dark blue crystals of formazan that had formed were dissolved in 100 pL of isopropanol. The
absorbance at 570 nm (peak) and 620 nm (baseline) was read using a microplate reader Multiscan FC
(Thermo Fisher Scientific, Waltham, MA, USA). Results were expressed as a percentage to the control
values. All values in the Figure 3 of the present study are given as mean + standard deviation (S.D.)
values, and all measurements were repeated three times.

The results of the toxicity studies are shown in Figure 3. It has been shown that the toxicity of
the conjugate HSA-HcyTFAc-BODIPY is slightly higher on breast cancer cells (MCE-7, Figure 3A,
40%) than on glioma cells (T98G, Figure 3B). Glioma cells showed moderate viability (60%) under the
influence of the conjugate HSA-HcyTFAc-BODIPY. Any case, the toxicity of the conjugate is
somewhat greater than that of the HSA + BODIPY mixture, or HSA-HcyTFAc. We expect that neutron
irradiation will significantly decrease the viability of both cell lines. However, this experiment is
expected in the future.
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Figure 3. In vitro cytotoxicity studies in cell lines MCE-7 (A) and T98G (B) for the HSA conjugates.

3. Conclusions

This paper describes the authors” preliminary studies directed toward the possibility of the
practical implementation of the idea to design efficient new multimodal theranostic conjugate for
BNCT. Conjugation of boron compounds and HSA (carrier protein with a long plasma half-life) is
expected to extend a time circulation of boron compounds in the body and to ensure the accumulation
of the boron in the tumor.

Boron containing BODIPY dye with large Stokes shift (up to 100 nm) and maleimide arm was
designed and synthesized. Thiol-"click’ chemistry was used to prepare conjugate of HSA with
BODIPY. Covalent connection of this BODIPY residue to N-trifluoroacetylhomocystinylated HSA
gives the fluorescent protein boron-containing conjugate (HSA-HcyTFAc-BODIPY) with Stokes shift
90 nm. Covalent conjugation of the BODIPY to albumin may improve theranostic properties of the
conjugate in BNCT. The cytotoxicity of HSA-HcyTFAc-BODIPY conjugates was evaluated in vitro by
MTT assay in cell lines MCF-7 and T98G, and was shown to be moderate without neutron irradiation.

Our labelling strategies enable the determination of the location of the conjugates in vivo, in real
time by FLECT/CT images, reducing the number of animals required for the fast investigation of new
nanosystems as chemotherapeutic agent and BNCT drug candidates.
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