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BODIPY(aryl)iodonium salts in the efficient
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selective detection of serum albumint
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BODIPY(aryl)iodonium salts were readily accessible from the high-yielding reaction of BODIPY with
iodoarenes or hydroxyl(tosyloxy)iodoarenes in the presence of m-CPBA. The prepared BODIPY(aryl)iodo-
nium salts bearing substituents of varied electronic nature were utilized for the direct syntheses of thio-
cyanate, azide, amine and acrylate functionalized BODIPYs and f,p'-bis-BODIPYs. The regioselective
syntheses of a-piperidinyl and B-piperidinyl substituted BODIPYs were achieved through the reaction of
BODIPY(aryl)iodonium salts with piperidine in the absence and presence of copper(). Expeditious and
high yielding (79-82%) synthesis of B,p'-bis-BODIPYs was also developed through the palladium-cata-
lyzed reductive coupling of the easily accessible BODIPY(aryl)iodonium salts. Some of the indole-
appended BODIPYs and bis-BODIPYs displayed strong absorption in the visible region (~610 nm). The
BODIPY(aryl)iodonium salts also showed significant binding with serum albumin and were observed to be

rsc.li/obc

Introduction

BODIPY and related compounds are most frequently used as
heterocyclic fluorophores offering advantageous features such
as narrow absorption and emission bands with high peak
intensity, excellent fluorescence quantum yield, good photo-
stability and biocompatibility." The structural modification of
the BODIPY core is anticipated to tune its absorption and fluo-
rescence profiles to generate useful probes in bio-imaging and
photodynamic therapy (PDT). The n-conjugation at the a- and
B-positions along with the modification of meso-substituents
on the BODIPY core are among the effective ways to achieve
dyes with a red-shift in absorption spectra and also large
Stokes shift.>* Furthermore, modified BODIPYs are increas-
ingly explored due to their wide range of interesting appli-
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selective serum protein sensors with estimated limits of detection as low as 7 ug mL™ in some cases.

cations in chemiluminescence, organic solar cells, energy
transfer systems, fluorescence imaging etc.>”

In the recent past, C-H functionalization of the BODIPY
scaffold has become an attractive alternative to prepare
BODIPY-based compounds.”®*"®  Although, traditional
approaches to prepare BODIPYs are also available, they gener-
ally require multistep processes starting from pyrrole or
related unstable intermediates." "

Direct C-H bond functionalization of BODIPY chromo-
phores is a highly attractive way of exploring the diversity of
the BODIPY moieties. You and Wu described a late-stage regio-
selective decarboxylative direct C-H arylation using substituted
benzoic acids as coupling partners of BODIPY in the presence
of palladium acetate, PCy;-HBF, as a ligand and silver carbon-
ate at 140 °C for 24 h."? Jiao, Hao and co-workers developed a
direct p-selective styrylation of BODIPYs involving the reaction
of BODIPY with styrene in the presence of palladium acetate
and silver acetate as an oxidant in PivOH at 80 °C."* Recently,
gold(1)-catalysed direct C-H alkynylation reaction of BODIPY
with ethynylbenziodoxolone was utilized by Furuta, Ishida and
co-workers to prepare f-alkynylated BODIPYs in low yields.'®
While the present work was in progress, the Ortyl group
reported panchromatic pentamethylated BODIPY iodonium
salts and successfully used them in 3D printing applications."®
The BODIPY core being an electron-deficient moiety and the
co-existence of multiple equivalent C-H bonds on pyrrolic
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unsubstituted BODIPY leads to regioselective functionalization
at the p-position being a challenging task. Limited examples
of this involved formylation,"””  borylation'®* and
halogenations'®?® at the p-position of BODIPYs. However, to
the best of our knowledge, BODIPY(aryl)iodonium salts are yet
to be explored for functionalization of the BODIPY core. The
copper-catalyzed reaction of f-iodo BODIPY with primary and
secondary amines was reported to furnish a-amino BODIPYs.”!
Recently, Xiang and co-workers®® prepared p-arylated and
f-vinylated BODIPYs involving Cu-catalyzed reaction of tetra-
substituted BODIPYs with diaryliodonium salts.

Diaryliodonium salts referred to as diaryl-A*iodanes are
widely considered to be an important and realistic class of
hypervalent iodine reagents.>*** Additionally, diaryliodonium
salts have been successfully utilized by chemists as mild and
environmentally benign arylating agents owing to advan-
tageous features such as high reactivity, stability and low
toxicity.”»?® Leveraging the special features, diaryliodonium
salts have been utilized for a wide range of applications in syn-
thetic chemistry involving reactions with various organic or in-
organic electron-rich nucleophilic substrates resulting in the
formation of new aryl-carbon and aryl-heteroatom bonds.>*?”
The diverse arylating reactivity of diaryliodonium salts has
been demonstrated in different types of coupling reactions
under metal-free and metal-catalyzed conditions.*®™"
Remarkable approaches for the direct arylation of electron-rich
(hetero)arenes under metal-free conditions were recently
accomplished through the use of diaryliodonium salts as aryla-
tion reagents.>>* A vast majority of the existing procedures to
prepare diaryliodonium salts usually involve the reaction of
iodine(m) compounds with an appropriate arene in the pres-
ence of an oxidant in an acidic medium.>**® Ochiai and co-
workers reported vinyl(phenyl)iodonium tetrafluoroborates
using the reaction of vinylboronic acids and esters with iodine
(m) reagents.*” In 2007, the Olofsson group reported®® the
straightforward and facile synthesis of symmetrical or unsym-
metrical diaryliodonium salts by employing arenes and aryl
iodides or iodine in the presence of m-CPBA and triflic acid.
Circumventing the limitations of existing approaches,
Widdowson’s group prepared various diaryliodonium salts
from the reaction of pre-formed iodobenzene diacetate (IBD)
and arylboronic acids in the presence of trifluoromethane-
sulfonic acid.?®

The extremely versatile BODIPY derivatives exhibit excellent
photophysical properties like red-shifted UV-Visible absorption
maxima, high molar absorption coefficients (&), broad emis-
sion bandwidths, large Stokes shifts and high fluorescence
quantum yields as well as high photo-stability.>* Due to these
advantageous features, BODIPY and derived compounds are
used for biochemical labelling,*®*' light-emitting devices,**
and light harvesting systems,”® and as sensitizers in solar
cells.** Since serum albumin is the most abundantly present
plasma protein and binds to diverse groups of drugs, hor-
mones, enzymes etc., it is frequently used as a model protein
to study the interaction with small molecules using fluo-

rescence spectroscopy.>®> Moreover, serum protein binding
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capacity can majorly influence the distribution and metab-
olism of drugs and hence these studies can help in better
understanding the pharmacokinetics of the synthesized
systems and designing more effective drug-like molecules.*’
The present work aims to develop a reliable and convenient
protocol to access diverse BODIPY(aryl)iodonium salts and
investigate their utility in the preparation of structurally
diverse BODIPY dyes. Further, detailed photophysical charac-
terization of one of the synthesized BODIPY(aryl)iodonium
salts (4e) along with molecular insights into their interaction
with bovine serum albumin (BSA) is also reported towards the
application of the synthesized systems as potential serum
protein sensors.

Results and discussion

In our efforts to prepare BODIPY(aryl)iodonium salt 4, iodoar-
ene 2 was allowed to react with m-CPBA and PTSA 3 in dry di-
chloromethane (DCM) followed by the addition of BODIPY 1
as illustrated in Scheme 1. The reaction conditions were
further optimized to develop a high-yielding protocol for the
synthesis of 4a. First, BODIPY 1 and 2a were treated with
m-CPBA in the presence of anhydrous PTSA (3) in dichloro-
methane to afford 4a in 74% yield (entry 1, Table 1). With the
use of acetonitrile (MeCN) as a reaction solvent, 4a was formed
in 32% yield (entry 2). The yield was increased to 61% with the
use of trifluoroethanol (TFE) as a reaction solvent (entry 3).
Gratifyingly, the yield of 4a was significantly increased with
the use of 1.2 equivalents of anhydrous PTSA 3 (entry 4). When
the reaction was performed in a mixture of dichloromethane
and trifluoroethanol, 4a was isolated in 78% yield (entry 5).

Ph Ph
€]
<~ X A Mes-I (2a) ml@ OTs
\ N.g-N= m-CPBA, DCM, 0 °C \ N.g-N=
FF PTSA (3) FF
1 4a

Scheme 1 Preparation of BODIPY(aryl)iodonium salts.

Table 1 Optimization of reaction conditions for the synthesis of
BODIPY(aryl)iodonium salt 4a

Entry PTSA (equiv.) Solvent Yield (%)
1. 2.0 DCM 74

2. 2.0 MeCN 32

3. 2.0 TFE 61

4. 1.2 DCM 93

5. 1.2 DCM : TFE (1 : 1) 78

6. 1.2 DCM 194

7. 1.2 DCM 62°

8. — DCM 80°

1 (1.1 equiv.), 2a (1.0 equiv.), m-CPBA (1.2 equiv.), PTSA (3) (1.2 equiv.),
0°C, 2 h. “25 °C. ? MesI(OAc),. ° MesI(OH)OTs.

This journal is © The Royal Society of Chemistry 2024
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Notably, at 25 °C, the yield of product 4a was diminished to
19% (entry 6). After a series of experiments, 1 (1.1 equiv.),
m-CPBA (1.2 equiv.), anhydrous PTSA 3 (1.2 equiv.) and 2a
(1 equiv.) in dichloromethane at 0 °C for 2 h, were found to be
the optimal reaction conditions to produce BODIPY(aryl)iodo-
nium salt 4a in 93% yield (see Table 1). The use of MesI(OAc),
instead of iodomesitylene 2a resulted 4a in lower yield (62%,
entry 7). The use of MesI(OH)OTs instead of MesI(OAc), led to
4a in better yield (80%). The substituted BODIPYs and iodoar-
enes with various substitution patterns (mesityl 2a and triiso-
propyl substituted 2e) were well tolerated under the optimized
conditions to afford BODIPY(aryl)iodonium salts 4a-g in
65-93% yields (Scheme 2). The structure of 4e was confirmed
by single-crystal XRD analysis. The present reaction conditions
were utilized for the gram scale synthesis of 4e (2.5 g, 87%)
involving readily available precursors BODIPY 1 (1.0 g) and
1-iodo-2,4,6-triisopropylbenzene 2e (Scheme 3).

Crystal structure analysis of 4e

According to the X-ray crystallography data, compound 4e
(CCDC 22946907) is crystallized in the P1 space group of the
triclinic system and the asymmetric unit shows the presence of
one molecule of 4e and one CHCI; (Fig. 1a and Fig. S17). The
geometry around the iodine atom is bent or T-shaped due to

R FF R

4a-g (R = H, CHy, Ry = H, OCH3)

4b, 89% 4c, 83%

4e, 81% 4f, 80% /

R
FF Ad
4g, 65%

Scheme 2 Preparation of BODIPY(aryl)iodonium salts 4a—g.

m-CPBA, PTSA
—_—

DCM,0°C,2h

Scheme 3 Gram scale synthesis of 4e.
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Fig. 1 Illustrations of the crystal structure of 4e: (a) ORTEP diagram of
4e (thermal ellipsoids are at the 50% probability level); (b) interactions of
two units of BODIPY with tosylates; notice the close proximity of the
solvated CHCIls with the fluorine and arene ring of BODIPY; (c) packing
of 4e via various non-covalent and aromatic interactions (view along the
c-axis).

the presence of lone pairs of electrons on the iodine center
and iodine is bonded to the p-C of BODIPY and a carbon of
the arene ring. The interplanar angle between the meso-phenyl
plane and the BODIPY ring is 53.67°, while the plane of the
iodoarene ring forms an angle of about 174° with respect to
the BODIPY plane. The positively charged iodine center is
involved in non-covalent interactions with the tosylate (OTs)
ion (I---O: 2.658(3) A, 2.740(3) A) (Fig. 1b). The CHCI; molecule
is in close contact with the fluorine of the BODIPY unit and
arene ring of tosylate. The iodoarene and meso-phenyl of the
BODIPY are involved in C-H:--w interactions with the phenyl
ring of tosylate. The centroid (phenyl of tosylate) to H dis-
tances are 2.432 A (arene ring) and 3.547 A (meso-phenyl) as
shown in Fig. 1c. The crystallographic and selected bonding
parameters of compound 4e are listed in the ESI (Tables S1-

S6t).

Scope of BODIPY(aryl)iodonium salts

The diaryliodonium salts have been used in the formation of
carbon-carbon and carbon-heteroatom bonds by releasing
aryl moieties to carbon and heteroatom nucleophiles.*®**” In
the recent past, Gaunt*® and Sanford*® independently devel-
oped the copper and palladium-catalyzed arylation of indoles
by utilizing diaryliodonium salts. Unsymmetrical diaryliodo-
nium salts are reported to selectively transfer aryl moieties to
nucleophiles by concordantly releasing the sterically hindered
1-iodo-2,4,6-trimethylbenzene. Therefore, BODIPY(trimethyl-
phenyl)iodonium salt 4a was prepared in an effort to selec-
tively transfer a BODIPY unit by the generation of 1-iodo-2,4,6-

Org. Biomol. Chem., 2024, 22, 3405-3414 | 3407
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trimethylbenzene as a byproduct.>® Given the usefulness of
diaryliodonium salts, herein we investigated applications of
the prepared BODIPY(trimethylphenyl)iodonium salt 4a as
exemplified by the preparation of functionalized BODIPYs 5a-j
(Scheme 4). For example, the reaction of 4a with sodium azide
or potassium thiocyanate in the presence of cesium carbonate
as a base afforded the corresponding products 5a-c¢ in 70-81%
yields.

The BODIPY azide 5c¢ could be a useful synthon in click
chemistry to prepare 1,2,3-triazolyl appended BODIPYs.”®

The copper(1) promoted reaction of 4a with phthalimide led
to p-phthalimido appended BODIPY 5d in 56% yield. Under
metal free conditions, the reaction of 4a with piperidine
afforded p-piperidinyl BODIPY 5e in 58% yield. Presumably,
initial exchange of the tosylate in 4a with the piperidine
moiety followed by reductive elimination of the unstable A%
iodane intermediate may generate 5e. When the same reaction
was performed in the presence of cuprous iodide, a regioiso-
meric a-piperidinyl BODIPY 5f was selectively formed in 77%
yield. Formation of these a-amine derivatives possibly involves
a direct oxidative nucleophilic substitution of the a-hydrogen
in BODIPY."" Next, with the use of copper-catalyzed reaction of
4a with toluidine, o-tolyl BODIPY 5g was achieved in 80%
yield. Next, the reaction of 4a with indole and 3-methylindole
under palladium-catalyzed conditions produced indolyl
BODIPYs 5h (57%) and 5i (77%) in good to high yields,
respectively.”’ Next, Pd-catalyzed reaction of 4a with ethyl acry-
late led to Heck product 5j with 50% yield.

The scope of the protocol was further extended by prepar-
ing BODIPY dimers which are known for their unique charge
localization, high extinction coefficient, and moderate fluo-
rescence quantum yield as well as redox properties.'®%%?
Some of the BODIPY dimers have also been used as photosen-
sitizers via intersystem crossing from the excited singlet to
triplet state in generating singlet oxygen.>**® Inspired by our

indole or

ethyl acrylate =, A
e \_N. N/ R
Pd(OAC), g~
A
ACN F F
R Ph g R Ph g 5h, 5i, 5
SN, < NaXorpiperidine \\ A\ Q‘OOTS
= N_ N=
\ Nog-N ACN B
R FF R R FF R phthalimide; Ph
piperidine
5a, 5b, 5c, Se h
(X= SCN. Ny R=H,CHy &4 or toluidine =~ Ny
> <2
Cul, Na,CO;4 N.g-NS/"R
ACN F/ \F
5d, 5f, 59

X
Gl o GO Lo
1 » ¥
F; s <
5a, 72% 5b, 81% 5¢, 70% 5d, 56% 5e, 58%
) = ~ S YV % Yo .t
C%ﬁ SR @EWQC%%/L 1@% 2
e A S e e S S
FFo N FF HN—7 F F FF 0—
) =/
/

7% 59,80% 5h, 57% 5, 77% 5j, 50%

Scheme 4 Metal-free and metal-catalysed reactions of 4a and 4d.
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recent reductive coupling of diaryliodonium salts,*® the palla-
dium-catalyzed reaction of 4a was utilized to prepare f,p"-bis-
BODIPY 5k in 71% yield. When the same reaction was per-
formed under MW irradiation, the yield of 5k was increased to
79%. Under similar conditions using BODIPY iodonium salt
4g with a meso-anisoyl moiety, bis-BODIPY 51 was prepared in
82% yield. However, palladium catalyzed coupling of BODIPY
iodonium salt 4a with core BODIPY failed to produce the
expected unsymmetrical bis-BODIPY. Further, using copper
salts and 4a, bis-BODIPY 5k was obtained in only 30% yield
(Scheme 5).

The photophysical properties of indole appended-BODIPYs
were investigated by absorption and emission spectroscopy in
UV-grade dichloromethane. The absorption spectra of 4e, 5h
and 5i displayed characteristic absorption bands ranging
within 493-600 nm (Table S7 and Fig. S2}). The indole-
appended BODIPYs 5h and 5i showed a red shift of about
100 nm when compared to the parent BODIPY (501 nm). The
emission intensity of 4e is quenched possibly due to the com-
bined heavy atom and vibrational rotational motion effects.’”
On the other hand, indole-appended BODIPYs 5h and 5i also
displayed relatively weak emission intensity that may be attrib-
uted to the presence of a donor (indole)-acceptor (BODIPY)
system.>®

Solvatochromism could be considered as experimental evi-
dence for the intramolecular charge transfer (ICT) effect. A
bathochromic shift of 13 nm was observed for the longer-wave-
length peak of 5h from 590 nm in DCM to 603 nm in DMSO
(Fig. S3 and Table S87), illustrating a remarkable ICT effect. To
get insight into the electronic structures, DFT calculations
were performed at the B3LYP/6-31G(d,p) level (Fig. S47). The
LUMO lobes are largely localized on the BODIPY moieties in
all the compounds, while the HOMO and HOMO-1 lobes are
distributed more on the indole moieties in 5h, which explains
the more significant ICT effect that was observed in the solva-
tochromism experiment. However, an almost similar magni-
tude of red-shift in fluorescence spectra in some of the other
weakly polar and/or protic solvents indicates the presence of
additional processes, like specific solute-solvent interaction,
contributing to this solvatochromic effect. The prepared bis-
BODIPY 5k showed an absorption band at 607 nm and 51
showed two absorption bands at 540 and 726 nm, respectively.
The prepared 5k and 51 showed emission bands at 672 and
697 nm, respectively, with corresponding red shifts of about
154 and 179 nm compared to 4e (see Fig. S5t). This may be

R

X

=
Pd(OAc),

PEG-400

A g i NG
\_N N}‘ _ W
C

© 0Ts

~B~
10 min. 50 °C F F F

A
F F F
4aldg 5k (R = H, 79%); 51 (R = OMe, 82%)

Scheme 5 Synthesis of p,'-bis-BODIPYs 5k and 51.
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due to the excitonic coupling between the adjacent BODIPY
units.>®

Plausible mechanism

Based on our results and previous literature reports, a plaus-
ible reaction mechanism for the transfer of various nucleo-
philes on the arene ring is illustrated in Scheme 6. Initially,
the oxidative addition of the iodonium adduct to Cu(i) species
is likely to release a highly electrophilic species A along with
iodoarenes.*® Further, the ligand exchange reaction of species
A with electron-rich nucleophiles may furnish an intermediate
species B. Finally, the reductive elimination of B is anticipated
to generate 5d, 5f and 5g via the release of Cu(r) to complete
the catalytic cycle.®® In the case of Pd-catalyzed C-H activation,
the nucleophile is believed to be initially coordinated with the
Pd(u) catalyst followed by activation of the C-H bond of the
nucleophile to produce an intermediate species A’
accompanied by removal of acetic acid.®® The oxidative
addition of iodonium adduct 4a takes place with the release of
a highly electrophilic species B’ along with iodoarenes. Finally,
the reductive elimination of B’ would result in the formation
of 5h, 5i, and 5j emancipating the active Pd(u) species to com-
plete the catalytic cycle.

Solvatochromic effect and photophysical properties of BODIPY
(aryl)iodonium salts

The photophysical properties of the five BODIPY derivatives
4a-e are checked in four different solvents, namely methyl
alcohol, dimethyl sulfoxide, dichloromethane, and water.
Broad and unstructured absorption spectra of the investigated
systems appear within 480-510 nm range depending on the
solvent. On excitation at their corresponding absorption
maxima, the emission peaks are seen to be in the range of
510-530 nm (Fig. 2). In all the cases, the excitation spectra
measured at the respective emission maximum produce
unstructured profiles and match with the corresponding
absorption spectra. The observed differences in absorption
profiles could be due to variation in the size of aryl ring
(phenyl, mesityl, 2,4,6-triisopropyl-phenyl) in the BODIPY
(aryl)iodonium salts which may influence the degree of conju-
gation and the distribution of electron density in the mole-
cules. The fluorescence lifetime values of these compounds

a) with Cu catalyst

b) with Pd catalyst

Scheme 6 Plausible catalytic cycles with Cu- and Pd-catalysts.

This journal is © The Royal Society of Chemistry 2024
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are estimated using the time-resolved fluorescence decay data.
In most of the cases, the fluorescence decay spectra were fitted
with the bi-exponential model and the average fluorescence
lifetime is reported. However, a single exponential decay
model was enough to fit the data for the investigated systems
in DMSO. Representative fluorescence decay spectra of 4b in
water with the simulated fitting curve are shown in Fig. 2(d).
Different photophysical parameters like absorption maximum
(Aabs), emission maximum (en), Stokes shift (Avg), fluo-
rescence quantum yield (&), average lifetime (z,,), radiative
rate constant (k) and total non-radiative rate constant (Y k,)
are calculated for 4a-e and listed in Table S8.f Interestingly,
all the compounds show the highest fluorescence quantum
yield in dichloromethane. To identify the optimum dye con-
centration for the serum protein sensing (discussed later) and
to identify the possible intermolecular interactions, the photo-
physical behavior of these compounds is also examined in an
aqueous medium by varying the concentrations of the probe
from 0.5 to 50 pM. The maximum absorbance shows a distinct
deviation from linearity with increasing concentration of the
dye beyond 2.6 uM (Fig. 3(a)). A similar break is also observed
in the maximum fluorescence intensity as well as in the
average fluorescence lifetime at 1.5-2 pM dye concentration
for all the systems. A representative example is shown for com-
pound 4e in Fig. 3. Aggregation of the dye molecules in water
at higher probe concentrations could be the reason behind
this observation.®

To ensure the presence of monomeric dye compounds, the
concentration of the probe was kept fixed at 1 pM in the
protein binding experiments discussed below.

Interaction of BODIPY with serum albumin

Serum albumin can be employed as a very good model target
for studying interaction with biomolecules as it is the most
profusely present protein in blood plasma and plays a very
important role in biological processes. For this experiment,
bovine serum albumin (BSA) concentration is varied from 0 to
40 pM keeping the BODIPY concentration fixed at 1 pM in a
pH 7.4 buffer medium. With an increase in the BSA concen-
tration, gradual enhancement of emission intensity is
observed till 30-35 pM and it saturates beyond this. In Fig. 4(a)
the emission spectra of 4e with the addition of increased con-
centration of BSA at 298 K is shown as a representative
example and the inset shows the binding isotherm. Restricted
motion of the BODIPY molecule in the binding cavity of BSA
may be the reason for the enhancement of fluorescence inten-
sity. Similar observations for BODIPY-BSA interaction have
also been reported earlier.’® Interestingly, the fluorescence
intensity of 4b is relatively insensitive towards the addition of
BSA (Fig. 4(b)) implying that this compound does not bind
with BSA. On comparing the structure of 4b with other
BODIPY derivatives, it is apparently clear that there is no
hydrophobic alkyl substitution on both the BODIPY rings for
4b as well as on the benzene ring attached to I', which may
significantly affect its association with BSA. To get quantitative
details about the complexation process, the binding constants
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in BODIPY-BSA systems for all the four compounds 4a, 4c, 4d
and 4e are calculated using the modified Benesi-Hildebrand
(B-H) equation (eqn (1)) for 1:1 interaction at five different
temperatures, viz. 298 K, 303 K, 308 K, 313 K and 318 K.

11 1
AF~ AFpmax  AFmaKa[BSA]

(1)

3410 | Org. Biomol. Chem., 2024, 22, 3405-3414

where, AF (= F — F,) is the relative increase and AF,.x (= Fy —
F,) is the maximum increase in fluorescence intensity, respect-
ively; K, denotes the binding constant and [BSA] is the concen-
tration of the protein.

Further, to get a better idea about the nature of the inter-
action in BODIPY-BSA systems, from the obtained values of
binding constant, the thermodynamic parameters, change in

This journal is © The Royal Society of Chemistry 2024
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enthalpy (AH) and change in entropy (AS), were calculated
using the slope and intercept of the van’t Hoff relation (eqn (2)).

+ (2)

Moreover, the change in Gibbs free energy (AG) was calcu-
lated using eqn (3).

AG = AH — TAS (3)

All the thermodynamic parameters are shown in
Table S10.7 Representative figures of B-H and van’t Hoff ana-
lyses for compound 4e are shown in Fig. 5(a and b). B-H and
van’t Hoff plots for the other three compounds are presented
in Fig. S6 and S7,7 respectively. From the calculated values of
AH and TAS, it is found that the association of 4e to BSA is an
entropy-driven process, whereas the bindings of 4a, 4c and 4d
are enthalpy driven processes. A possible explanation for this
observation may involve significant structural deformation in
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Fig. 5 For the 4e—BSA system: (a) B—H plot for calculation of binding
constant; (b) van't Hoff plot for calculation of thermodynamic para-
meters; (c) change in anisotropy with varying concentration of BSA; (d)
change in fluorescence intensity, guided by the solid line, with increas-
ing pH.
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BSA due to bulkier substitution in 4e. Comparing the struc-
tural makeup of 4e with the other three, it is clear that 4e con-
tains more hydrophobic substitutions than the other three.
The interaction between these hydrophobic groups and BSA
can result in positive AS, which causes the binding process to
be entropy-driven.

The lifetime decay spectra of these systems are also col-
lected at different concentrations of BSA. Like free BODIPY
derivatives in an aqueous medium, a bi-exponential decay
model is needed to fit the time-resolved fluorescence data in
the presence of BSA with a major contribution from a fast com-
ponent and a minor contribution from a notably long com-
ponent (about 0.2 ns and 3 ns, respectively, in the case of 4a).
The detailed data of lifetime for all the four compounds are
presented in Table S11.1 It is found that the average lifetime
values of 4a and 4e increase significantly with an increase in
the concentration of BSA. Because of the structural confine-
ment and restriction enforced by the less polar and rigid BSA
cavity, the non-radiative decay processes are significantly
reduced, increasing excited state lifetime values, and making
the BODIPY dyes more emissive in nature when BSA is
present. But in the case of 4c and 4d, the average lifetime
decreases with the addition of BSA. Comparing the structures
of the four compounds, substitution with electron-releasing
methyl groups on both the pyrrole rings of 4c and 4d may
induce a different interaction with BSA, which is not present
in the case of 4a and 4e.

To obtain more insight about the binding mechanism,
steady state fluorescence anisotropy (r) was also checked for
the BODIPY-BSA system. When a fluorophore binds with
protein, the normal movement or the molecular rotation of the
fluorophore gets hindered because of the constrained con-
ditions in the binding environment and this leads to an
increase in the fluorescence anisotropy value. For all four
BODIPY derivatives 4a, 4c, 4d and 4e, the anisotropy value
increases with an increase in the BSA concentration and gets
saturated around 20-25 uM, which correlates nicely with the
steady state. A representative plot showing the change in fluo-
rescence anisotropy value with increasing BSA concentration
for compound 4e is given in Fig. 5(c). The anisotropy value
changes from 0.004 in the aqueous buffer medium to 0.167 in
the presence of BSA in this case. Thus, the anisotropy study
also supports the confined motion of the dye molecule inside
the BSA cavity as the reason for the enhancement of fluo-
rescence intensity.

Isothermal titration calorimetry (ITC) measurements

The thermodynamic parameters associated with the inter-
action of BODIPY derivatives with BSA are also evaluated
through ITC measurement. A one site binding model is used
to analyze the data obtained from the ITC titration experiment.
The estimated binding constants are found to be (1.19 + 0.1) x
10° M7, (1.03 + 0.1) x 10> M™%, (0.52 + 0.05) x 10> M~" and
(0.98 + 0.02) x 10*> M~ for 4a, 4c, 4d and 4e, respectively. The
integrated binding isotherm as well as the raw heat data
obtained from consecutive addition of BODIPY is shown in

Org. Biomol. Chem., 2024, 22, 3405-3414 | 3411
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Fig. 6 ITC spectral profiles of BODIPY-BSA interaction. The raw heat

data acquired from successive injections of the drugs into the BSA solu-
tion is shown in the upper panels. The bottom panels represent the inte-
grated binding isotherms as a function of the complex formed at 298 K.
The solid lines are the fitting obtained from the data points with a one
site binding model.

Fig. 6. From the values obtained it is found that the binding
process is exothermic and has a negative entropy change
value. The enthalpy and entropy change for binding, AH and
AS, as well as the calculated negative AG values, are presented
in Table S12.1 Due to the intrinsic technical difference in the
measurement of thermodynamic parameters through fluo-
rescence and ITC (for example, the fluorescence technique
uses the steady state approximation and application of indirect
methods like van’t Hoff plots in contrast to the “transient
effect” and direct techniques in the latter), it is not expected to
obtain the same values of the measured quantities in both
these experiments.®*

Additionally, whereas spectroscopic (non-calorimetric)
measurements like fluorescence titration experiments only
consider the local change in the area close to the fluorescent
tryptophan residue, a calorimetric measurement like ITC con-
siders the overall change in protein conformation. This asser-
tion is supported by numerous literature reports, which demon-
strate similar discrepancies in results between ITC and fluo-
rescence measurements.®®®> However, the trend in the variation
of binding constant K, and change in Gibbs free energy values
for the different systems are in good agreement with those
obtained from the fluorescence titration experiment.

Selectivity for BSA

To use the BODIPY derivatives as efficient albumin detectors,
it is imperative to check their selectivity towards albumin over
other biomolecules. For this comparative experiment, the
effect of the fluorescence emission response of BODIPY on the
addition of different proteins and amino acids was checked.
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To a 5 pM solution of 4a, 4c, 4d and 4e, 10 pM solutions of
BSA, collagen (Col), N-acetyl-L-cystine (Cys), fibrinogen (Fib),
glutathione (Glu) and lysozyme (Lys) were added and fluo-
rescence emission spectra were collected. It is observed (Fig. 7)
that the fluorescence intensity in the case of the other proteins
and amino acids shows negligible change compared to the
BODIPY derivatives (4a, 4¢, 4d and 4e) in an aqueous buffer
medium. But with the addition of BSA, there is around a 1.5-3
fold increase in fluorescence intensity indicating that bovine
serum albumin possesses a suitable hydrophobic cavity for
binding with these dye molecules. This result provides good
evidence for these BODIPY derivatives’ higher selectivity for
serum albumin.

PH optimization for the interaction of BODIPY with BSA

The significant increase in fluorescence intensity of the BODIPY
systems in the presence of BSA prompts us to investigate further
the use of these compounds as potential serum protein sensors.
To optimize the experimental conditions, the variation in fluo-
rescence intensity of BODIPY-BSA interaction was checked in a
wide range of pH ranging from 2.5 to 9 for compound 4e. No
emission peak position change was observed but there was a
significant increase in the fluorescence intensity with an
increase in pH up to pH 6 and after that the intensity started to
decrease gradually. Fig. 5(d) shows the intensity change of 4e in
the presence of BSA with the change of pH. Therefore, the pH
range of 6-7 is believed to be the ideal condition for monitoring
the serum protein sensing ability of 4e.

Estimation of LOD and LOQ

The lowest concentration or quantity of a specific compound
that can be detected accurately is called the limit of detection
(LOD) and the limit of quantification (LOQ) is the smallest
quantity of analyte that can be calculated with ‘acceptable’

L

Fluo. Intensity (arb. unit)

4a  4a-BSA 4a-Glu 4a-lys 4a-Fib 4a-Cys 4a-Col 4c  4c-BSA 4c-Glu 4c-lys 4c-Fib 4c-Cys 4c-Col

(d)

L
(1)

N

Fluo. Intensity (arb. unit)

i

4d  4d-BSA 4d-Glu 4d-lys 4d-Fib 4d-Cys 4d-Col 4e  4e-BSA 4e-Glu de-lys 4e-Fib de-Cys de-Col

Fig. 7 Change in fluorescence intensity of 5 uM 4a (a), 4c (b), 4d (c)
and 4e (d) with the addition of 10 uM different biomolecules BSA, Glu,
Lys, Fib, Cys and Col. The dotted line corresponds to the control data
obtained from the probe alone.
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accuracy and precision. LOD and LOQ can be calculated using
the following equations.

(o2

LOD =3
_ o
LOQ =10,

Where o stands for the standard deviation (SD) and k is the
slope obtained from the I/I, vs. [analyte] plot. The calculated
values of LOD and LOQ are presented in Table S13.f The
normal concentration of albumin in blood is 35-55 mg ml™*
and in urine is 0.03 mg ml~". Albumin levels higher or lower
than these values can be an indicator of different health risks
like hypoalbuminemia, microalbuminuria, macroalbuminuria,
etc. which can lead to cardiovascular and renal damage.®®®’
The LOD values obtained for the four BODIPY derivatives show
their efficacy as good serum protein indicators.

Conclusion

In summary, we have developed an efficient and convenient
protocol for the synthesis of novel BODIPY(aryl)iodonium salts
4a-g by coupling the BODIPY core with iodoarenes. The utility
of BODIPY(aryl)iodonium salts for further diversification of
the BODIPYs under metal-free and metal-catalyzed reactions
was also demonstrated. Prepared BODIPYs 5h, 5i, 5k and 5l
with red-shifted absorption and emission bands, and low fluo-
rescence quantum yields could be useful as photosensitizers
in photodynamic therapy. BODIPYs 4a-g were used as fluo-
rescent probes to detect serum albumin and compounds 4a,
4c, 4d and 4e were found to show excellent selectivity for
bovine serum albumin with substantially low values of LOD
compared to the normal concentration of serum albumins
present in healthy physiological fluids. Structural comparison
shows the need for hydrophobic substitution in the BODIPY
structure for better development of serum protein sensors.
The strong fluorescence enhancement on interaction with
serum albumin shows that these dyes can be applied for the
detection of a very little amount of hydrophobic protein. As a
result, this study offers a foundation for the production of
future amphiphilic dyes that can be utilized to more accurately
and sensitively detect protein surface hydrophobicity. This will
enable us to comprehend interactions between proteins and
ligands, molecular recognition, and their biological roles
better.
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