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The combinatorial fluorescent dapoxyl dye library was prepared by both solution- and solid-phase synthesis,
generating 80 unique dapoxyl derivatives. A fluorescence-based screening toward human serum albumin
(HSA) found one highly sensitive HSA binder (A41-S) with over 55-fold intensity change. Displacement
assay showed the selective binding of A41-S to the site I of HSA, addressing its potential to be a highly
selective and sensitive HSA probe.

Introduction

Fluorescent compounds have been excellent tools for the
sensitive and specific detection of diverse bioanalytes.1 While
the conventional target-oriented rational approach was suc-
cessful toward diverse analytes, a combinatorial library
approach on fluorescent dyes has demonstrated its unique
advantages: it generated a wide range of spectral and
structural diversity of fluorescent compounds that allowed
for the sensitive detection of various bioanalytes such as
DNA, RNA, �-amyloid protein, and organelles.2 With
success of the initial styryl fluorophore library by our group,
we are expanding this combinatorial approach to different
fluorophores for sensor development.3

Dapoxyl dyes are highly environment-sensitive fluorescent
compounds.4 Their fluorescence in water is very low, but
induces a large change of fluorescence intensity, Stokes shift,
and extinction coefficients depending on pH and polarity of
solvents.5 This environment-sensitive property of dapoxyl
dyes has been extensively utilized for detection of different
organelles including lysosome6 and ER,5 and of conforma-
tional and phosphorylation change of the proteins.7 We have
applied a combinatorial library approach on dapoxyl scaffold
to generate the potential fluorescent sensor candidates which
may induce a large fluorescence change by an analyte
environment. Eighty unique structures of dapoxyl dye library
were prepared by both solution- and solid-phase synthesis.
A fluorescence-based high-throughput screening of dapoxyl
library has identified one library member (A41-S) highly
sensitive toward human serum albumin (HSA).

HSA is the major protein constituent of blood plasma (60%
of total plasma proteins) and it is known to bind a number
of endogenous compounds, thus facilitating their transport
in the circulation.8 More importantly, it binds to a diverse
range of exogenous drugs, resulting in significant impact on
the pharmacokinetics of drugs.8 The affinity of a particular
drug to HSA determines the concentration of free drug that
diffuse from the circulation to sites of action. Therefore,

drug–HSA binding is one of the important factors to consider
in drug design and there is a growing effort to determine
this pharmacokinetic property at the early stage of the drug
discovery process.9

The remarkably broad range of ligand bindings, especially
for neutral and negatively charged hydrophobic compounds,
mainly originates from two primary binding sites (sites I and
II).10 An additional drug binding site (site III) and multiple
binding sites for fatty acids also contribute to a diverse
binding capability of HSA.11 Competitive displacement of
fluorescent probes has been used for the efficient determi-
nation of the binding site and affinity of drugs to HSA.12

Although DNSA (dansylamide, selectively binding to site
I) and DS (dansylsarcosine, specifically binding to site II)
exhibit a large fluorescence increase upon binding to HSA
and thus have been widely used for displacement assays,10,12

higher sensitivity of fluorescent probes would increase the
efficiency for determination of HSA binding drugs. Here we
report a dapoxyl compound (A41-S) that selectively binds
to site I of HSA with a high sensitivity of over ca. 55-fold
fluorescence intensity change, addressing its potential to be
a highly selective and sensitive HSA probe.

Results and Discussion

Synthesis of Dapoxyl Dye Library. Preparation of
dapoxyl dyes was previously reported in the literature.13–16

Mostly, two-step reactions, the synthesis of acylamino ketone
and the following cyclodehydration, generate the oxazole
structure, the scaffold of dapoxyl dyes (Scheme 1).13 In
particular, the second cyclodehydration step elicited more
interest since its success determines functional groups
accessible in the final oxazole structure. Classically, a
relatively harsh coupling reagent such as sulfuric acid has
been used for the cyclodehydration, known as the Robin-
son–Gabriel reaction.14 Later, several milder reagents15

including Burgess reagent13 or Ph3PCl2
16 were developed

for the preparation of oxazole-containing natural product.
Initially we began to construct the dapoxyl dye library by

the above two-step reactions (solution-phase synthesis,
Scheme 1). First, six derivatives of 2-aminoacetophenone
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(building block I) and 43 derivatives of benzoic acid/chloride
(building block II) were selected for generating the acylamino
ketone derivatives (S1). The coupling reaction of building

block I and II was typically carried out under HATU/DIEA
or pyridine condition, giving relatively good yields. Second,
the cyclodehydration step was carried out with a neat sulfuric

Scheme 1. Solution- and solid-phase synthesis generating dapoxyl dye library and building blocks: (a) HATU, DIEA, CH2Cl2

for 1–35 or pyr, CH2Cl2 for 36–43; (b) Burgess reagent, microwave; (c) 2-chlorotrityl chloride resin, DIEA, THF; (d) 10%
piperidine, DMF; (e) Ph3PCl2, TEA, CH2Cl2; and (f) 1% TFA, CH2Cl2.
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acid or Burgess reagent with a microwave. In particular, the
latter one was preferred since it significantly reduced the
reaction time (∼ 10 min) and generated the desired oxazole
structures predominantly. On the other hand, sulfuric acid
was useful in situ introducing additional functionality,
sulfonic acid, on a dye. It was found that a building block I
(A),20 which has a para-phenolic OH, gave the addition of
sulfonic acid on ortho position of OH when carrying out
the cyclodehydration with sulfuric acid. Forty different
dapoxyl dyes were individually prepared and purified by this
solution phase synthesis route (see Supporting Information
(SI), Table S1).

Next, we sought to utilize the solid-phase resin in order
to expedite the library construction (solid-phase synthesis,
Scheme 1). In particular, a phenolic OH of the building block
I (A) was utilized for conjugation on the resin after Fmoc-
protection of amino group. After Fmoc-deprotection (S3),
building block IIs reacted to give 2-acylaminoacetophenone
derivatives (S4) and they were cyclized by Burgess reagent
or Ph3PCl2 in the presence of triethylamine to generate S5.
While both reagents generated the desired products, Burgess
reagent resulted in the cleavage of the compounds during
the reaction. Therefore, Ph3PCl2 was utilized thereafter for
the successful cyclodehydration, and the final acidic cleavage
from the resin afforded dapoxyl dyes. Forty different dapoxyl
dyes were further prepared in this route and purified by
preparative TLC and characterized by HPLC-MS (SI, Table
S1).

Binding of Dapoxyl Dyes to HSA. For primary screening,
dapoxyl library compounds were screened for fluorescence
intensity changes toward HSA. Notably, A41-S (sulfonyl
A41) exhibited a highly sensitive fluorescence response
toward HSA. In a physiological condition (50 mM HEPES,
pH 7.4), A41-S (5 µM) displayed a marked dose-dependent
increase upon addition of HSA by ca. 55-fold (Figure 1).
Upon binding with HSA, A41-S showed a clear blue shift
of the fluorescence emission (Emmax 520 to 473 nm) and a
red shift of fluorescence–excitation (Exmax 313 to 356 nm)
(SI, Figure S2). The fluorescence of unbound A41-S was
highly negligible compared to the bound one when excited
with 360 nm, displaying a highly sensitive intensity change
by HSA.

To verify binding sites of A41-S on HSA, the fluorescence
displacement of A41-S from HSA was measured with site-
specific binding drugs: warfarin (site I),10 ibuprofen (site
II),10 digitoxin (sit III),17 and triiodobenzoate (site I and II)18

(Figure 2). A41-S (2 µM) bound to HSA (20 µM) was
displaced by a series concentration of drugs. In a ratio of
HSA to drug (1:5), warfarin displaced A41-S significantly
by ca. 52% while ibuprofen showed a slight displacement
of ca. 13%, exhibiting the selective binding of A41-S on
site I of HSA. Digitoxin did not induce any displacement
but TIB showed a clearly higher displacement by ca. 61%.
The Scatchard plot from the titration of A41-S with HSA
showed two binding sites with dissociation constants, KD1

) 0.83 and KD2 ) 1.98 µM (assuming n1 ) 1.0 and n2 )
1.0), addressing high affinity bindings with HSA (Figure 3).

Furthermore, the fluorescence response of A41-S to HSA
was compared with two representative site I and II probes
(DNSA and DS) (Figure 4). While A41-S and DS (site II)
displayed significantly high intensity changes (over 50-fold),
DNSA (site I) showed a relatively smaller intensity change

Figure 1. Fluorescence response of A41-S to HSA: (a) A41-S (5 µM) with HSA at 0, 1, 2, 3, 4, 5, 7.5, 10, 15, 20, 30 µM; spectra were
taken in 50 mM HEPES, pH 7.4, with excitation 360 nm; (b) structure of A41-S; (c) the corresponding intensity changes, I/I0, are the ratio
of intensity of A41-S with/without HSA.

Figure 2. Displacement of A41-S from HSA-A41-S complex by
the addition of site-specific drugs: A41-S (2 µM), HSA (20 µM),
and a series of concentration of drugs were added to give the final
concentration of 0, 10, 20, 30, 40, 50, 60, 80, 100 µM. 0 Digitoxin
(site III), 9 ibuprofen (site II), 2 warfarin (site I), b TIB (site I
and II). I is the fluorescence intensity at drugs of each indicated
concentration and I0 is the fluorescence intensity at drugs (0 µM).
I/I0 indicates the ratio of I to I0.
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(16-fold), demonstrating that A41-S would be a highly
sensitive probe to site I of HSA.

In conclusion, we have developed a combinatorial dapoxyl
dye library using both solution- and solid-phase synthesis
as a potential fluorescence sensor set. A fluorescence-based
screening identified the highly sensitive and selective binding
dye (A41-S) toward site I of HSA, demonstrating that this
dapoxyl dye library has a great potential to sense macro-
molecules with fluorescence intensity changes. An extensive
screening of this library toward various bioanalytes is in
progress.

Experimental Section

General. All the chemicals and solvents were obtained
from commercial suppliers and used without further purifica-
tion. HSA and HSA-binding drugs were obtained from
Sigma. 2-Chlorotrityl alcohol resin (1.37 mmol/g) was
purchased from BeadTech Inc., Korea and chlorinated by
the reported procedure.3 All library compounds were identi-
fied by LC–MS from Agilent Technology, using a C18
column (20 × 4.0 mm), with 4 min elution using a gradient
solution of CH3CN–H2O (containing 0.1% acetic acid), with
UV detector and an electrospray ionization source. 1H and

13C NMR spectra were recorded on a Bruker Avance 400
NMR spectrometer. All the fluorescence assays were mea-
sured with a Gemini XS fluorescent plate reader with 96-
well plate. Fluorescence–excitation and emission spectra of
A41-S were obtained with Hitachi F-2500 FL spectropho-
tometer.

Solution-Phase Synthesis of Dapoxyl Dyes. General
Synthesis of S1. For Building Block II (1–35). To a solution
of individual building block II (benzoic acid derivatives)
(0.01 mmol) in dichloromethane (1 mL) were added DIEA
(0.02 mmol) and HATU (3.8 mg, 0.01 mmol). After shaking
for 30 min, a building block I (A–F) (0.01 mmol) was added
to the reaction mixture. The reaction mixture was stirred at
room temperature overnight and the reaction mixture was
purified by column chromatography to afford compound S1.
For Building Block II (36–43). To a solution of building
block I (0.01 mmol) in dichloromethane (1 mL) were added
pyridine (0.05 mmol) and building block II (0.01 mmol).
The reaction mixture was stirred for 3 h and concentrated
and purified by column chromatography to afford compound
S1.

General Synthesis of S2 (Dapoxyl Dyes). To a solution
of S1 (0.01 mmol) in THF (0.3 mL) was added Burgess
reagent (10 mg, 0.04 mmol) and the reaction mixture was
heated in a microwave for 10 min. The solvent was
evaporated and the reaction mixture was purified by prepara-
tive thin layer chromatography to give S2.

General Synthesis for Sulfonyl Dapoxyl Dyes. S1 (R1

) Building Block I (A)) (0.01 mmol) was dissolved in H2SO4

(0.5 mL) and stirred overnight at room temperature. The
reaction mixture was diluted with ethyl acetate and washed
with water. The organic layer was dried over sodium sulfate.
The filtrate was concentrated and purified by preparative thin
layer chromatography to give the sulfonyl S2.

Solid-Phase Synthesis of Dapoxyl Dyes. Synthesis of
S3. To a suspension of 2-chlorotrityl chloride resin (571 mg,
0.57 mmol) in THF (10 mL) were added Fmoc-A (637 mg,
1.71 mmol) and DIEA (304 µL). After heating at 60 °C for
6 h, the resin was filtered and washed with DMF (10 mL ×
3), methanol (10 mL × 3), and dichloromethane (10 mL ×
3) and then dried. The resin was suspended in 10% piperidine
in DMF. After shaking for 1 h, the resin was filtered and

Figure 3. Scatchard plot for A41-S binding to HSA. HSA (8 µM)
was titrated with A41-S (1–15 µM). The concentration of free and
bound A41-S was calculated from fluorescence intensity and a curve
was fitted to give Ka1 ) 1.2 × 106 M-1, Ka2 ) 5.1 × 105 M-1,
assuming n1 ) 1 and n2 ) 1. r is the number moles of A41-S
bound per mole of HSA and A is the concentration of free dye.

Figure 4. Comparison of fluorescence intensity changes upon HSA binding: each dye (5 µM), HSA (10 µM), 50 mM HEPES, pH 7.4, with
excitation 360 nm. A41-S: 53-fold change at 475 nm; DNSA: 16-fold change at 490 nm; and DS: 160-fold change at 490 nm.
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washed with DMF (10 mL × 3), methanol (10 mL × 3),
and dichloromethane (10 mL × 3) and then dried.

General Synthesis of S4. For Building Block II (1–35).
To a solution of building block II (0.1 mmol) in DMF (300
µL) were added DIEA (16 µL) and HATU (38 mg, 0.1
mmol). This reaction mixture was added to the solution of
the resin S3 (10 mg, 0.01 mmol) suspended in dichlo-
romethane (700 µL). After shaking for 6 h at room
temperature, the resin was filtered and washed with DMF
(1 mL × 3), methanol (1 mL × 3), and dichloromethane (1
mL × 3) and then dried. For Building Block II (36–43).
To a resin S3 (10 mg) suspended in dichloromethane (700
µL) was added pyridine (100 µL) and a building block II
(0.1 mmol). After shaking for 3 h, the resin was filtered and
washed with DMF (1 mL × 3), methanol (1 mL × 3), and
dichloromethane (1 mL × 3) and then dried.

General Synthesis of S5 and the Cleavage from Resin.
To a solution of S4 (10 mg, 0.01 mmol) suspended in
dichloromethane (0.5 mL) were added TEA (45 µL, 0.12
mmol) and Ph3PCl2 (40 mg, 0.1 mmol). The reaction mixture
was stirred for 1 h at room temperature. The resin was filtered
and washed with DMF (1 mL × 3), methanol (1 mL × 3),
and dichloromethane (1 mL × 3) and then dried. The resin
was treated with 1% TFA in dichloromethane (1 mL) for 20
min. The solution was drained and dried under reduced
pressure.

Measurement of Binding Affinity. The binding affinity
to HSA was measured and calculated by the previously
reported procedures.19 First, A41-S (2 µM) was titrated with
a series of concentrations of HSA (1–30 µM) to measure
the limiting fluorescence intensity (when A41-S is completely
bound). The excitation was 360 nm and emission was from
420 to 600 nm. Second, HSA (8 µM) was titrated with A41-S
(1–15 µM) and the concentration of bound dye was
calculated using the equation: Dyeb ) Fo / Fl ×2 µM where
Dyeb is the concentration of bound dye, Fo is the observed
fluorescence, and Fl is the limiting fluorescence of A41-S
(2 µM). Results were plotted and the binding parameters were
obtained by iteration of the equation:

r)
n1Ka1A

1+ Ka1A
+

n2Ka2A

1+ Ka2A

where r is the number moles of A41-S bound per mole of
HSA, n is the number of binding site, Ka is the association
constant, and A is the concentration of free dye.

Displacement of A41-S from HSA by HSA-Binding
Drugs. To a solution of A41-S (2 µM) and HSA (20 µM),
where A41-S is completely bound, were added a series of
concentrations of drugs to reach the following concentrations:
0, 10, 20, 30, 40, 50, 60, 80, and 100 µM. Excitation was
360 nm and emission ranged from 420 to 600 nm.
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