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ABSTRACT: The critical micelle concentration (CMC) is a key physicochemical parameter that defines the onset of micelle
formation in surfactant solutions. The determination of the CMC is essential for understanding surfactant behavior in various
chemical, biological, and industrial applications. This study introduces a ratiometric fluorescence assay that exploits the distinct
monomer−excimer emission behavior of pyrene-butyldipicolylamine (Py-DPA) to determine the CMC of various surfactants. Py-
DPA forms self-assembled nanoaggregates in a buffered solution and exhibits strong aggregation-induced excimer emission. As the
concentration of surfactant increases and micelle formation occurs, the dissolution of Py-DPA nanoaggregates induces a distinct
fluorescence transition from excimer to monomer emission, providing a reliable indicator of micellization. The ratiometric
fluorescence changes in excimer−monomer emission of Py-DPA enable the determination of the CMC for various surfactants,
including cationic, anionic, nonionic, and zwitterionic types, demonstrating the versatility and applicability of the assay. Furthermore,
the robustness and applicability of the assay are demonstrated under various conditions including variations in pH, ionic strength,
and temperature.

■ INTRODUCTION
Surfactants are amphiphilic molecules with a crucial role in
various chemical, biological, and industrial processes, including
emulsification,1 catalysis,2−4 drug delivery,5,6 and membrane
protein stabilization.7,8 The ability to self-assemble into
micelles�spherical or other shaped aggregates formed by
surfactant molecules�upon reaching or exceeding a concen-
tration threshold known as the critical micelle concentration
(CMC) is among the most fundamental properties of
amphiphilic molecules. Micelle formation significantly changes
the physicochemical properties of surfactants, including their
solubilization capacity, surface activity, and molecular inter-
actions in solution.9−12 Accordingly, the determination of the
CMC is essential for optimizing surfactant-based formulations
and understanding their behavior in various environments.

The CMC of surfactants is traditionally determined through
surface tension measurement,13 electrical conductivity meas-
urement,14,15 and light scattering analysis.16,17 In recent years,

fluorescence-based assays have attracted attention as comple-
mentary techniques owing to their rapid response, ease of use,
and high sensitivity.18−20 Fluorescence-based assays have
employed several fluorophores, including Nile Red,21 coumarin
derivatives,22,23 and dansyl-based compounds,24 to monitor
changes in polarity, hydrophobicity, or microenvironment
during micelle formation, providing valuable insights into
micellization in several surfactant systems. Among fluores-
cence-based assays, those utilizing fluorophores with aggrega-
tion-induced emission (AIE) characteristics offer enhanced
signals upon micelle formation, minimizing background

Received: August 19, 2025
Revised: September 25, 2025
Accepted: November 4, 2025
Published: November 10, 2025

Articlehttp://pubs.acs.org/journal/acsodf

© 2025 The Authors. Published by
American Chemical Society

56431
https://doi.org/10.1021/acsomega.5c08403

ACS Omega 2025, 10, 56431−56438

This article is licensed under CC-BY-NC-ND 4.0

D
ow

nl
oa

de
d 

vi
a 

G
W

A
N

G
JU

 I
N

ST
 S

C
IE

N
C

E
 &

 T
E

C
H

N
O

L
O

G
Y

 o
n 

M
ar

ch
 3

0,
 2

02
6 

at
 0

8:
07

:0
9 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Seungyoon+Kang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gyung+A+Kim"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Min+Su+Han"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.5c08403&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c08403?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c08403?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c08403?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c08403?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c08403?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c08403?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c08403?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c08403?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/10/46?ref=pdf
https://pubs.acs.org/toc/acsodf/10/46?ref=pdf
https://pubs.acs.org/toc/acsodf/10/46?ref=pdf
https://pubs.acs.org/toc/acsodf/10/46?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.5c08403?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/


interference and improving detection reliability.25−29 In
particular, AIE-based ratiometric fluorescence assays�which
monitor the ratio between emission bands at distinct
wavelengths�have emerged as effective tools owing to their
intrinsic correction for environmental fluctuations, which
improve the sensitivity and accuracy of CMC determina-
tion.30,31

Pyrene, a polycyclic aromatic hydrocarbon composed of four
fused benzene rings arranged in a planar structure, serves as an
effective platform for constructing ratiometric assays. Its rigid
and conjugated π-system gives rise to unique photophysical
properties, including strong fluorescence and the ability to
form excimers under specific conditions. Excimer formation
occurs when two pyrene units come into close proximity,
facilitated by molecular aggregation or conformational
flexibility, leading to a new emission band at a longer
wavelength, distinct from monomer emission.32,33 In particular,
the structural derivatization of pyrene�through the introduc-
tion of various substituents, linkers, or functional groups�has
enabled precise control over its monomer and excimer
emission behavior and has been widely applied in the
development of ratiometric sensors for metal ions,34−36

anions,37−39 and other molecular targets.40−43 In this study,
we present a ratiometric fluorescence assay for the determi-
nation of the CMC of various surfactants based on the distinct
monomer−excimer emission behavior of pyrene-butyldipico-
lylamine (Py-DPA, Figure 1).

■ RESULTS AND DISCUSSION
Py-DPA exhibits an aggregation-induced excimer emission
(AIEE) behavior in a buffered solution. At low concentrations,
the excimer fluorescence (λem = 480 nm) of Py-DPA is
negligible relative to its monomer fluorescence (λem = 376 nm)
(Figure 2a, blue line). With increasing concentration, the
monomer fluorescence of Py-DPA eventually saturates,
whereas the excimer fluorescence significantly increases
(Figure 2b). Dynamic light scattering (DLS) analysis revealed
the concentration-dependent formation of Py-DPA nano-
aggregates. In a buffered solution, 5 μM Py-DPA formed
aggregates with a Z-average hydrodynamic diameter of 133 ± 8
nm, which increased with the Py-DPA concentration (Figures
2c and S1). In contrast, at Py-DPA concentrations below 5
μM, the scattering intensity was insufficient for reliable size
determination, and the resulting data�characterized by high
polydispersity and low reproducibility�suggest the absence of
well-defined aggregate formation (Figure S2 and Table S1). In
addition, the increased excimer fluorescence of Py-DPA
diminished with an increase in the DMSO ratio, while the
monomer fluorescence increased (Figure 2d). These observa-
tions are consistent with AIEE behavior,30,31,44−46 indicating
that Py-DPA forms nanoaggregates via self-assembly under the

given conditions and highlighting its environmentally respon-
sive excimer−monomer transition behavior.

Py-DPA exhibits pronounced AIEE behavior, and its
excimer−monomer transition is sensitive to environmental
changes. Thus, we hypothesized that this property could be
effectively used for the fluorescence-based ratiometric deter-
mination of the CMC of surfactants because the Py-DPA
nanoaggregates formed in a buffered solution are expected to
dissolve upon micelle formation, thereby inducing a transition
from excimer to monomer emission (Scheme 1a). To develop
and validate the assay, we selected several commonly used
surfactants with distinct physicochemical properties, including
TWEEN 20 (a nonionic surfactant), CTAB (a cationic
surfactant), SDS, SDBS (anionic surfactants), and CHAPS (a
zwitterionic surfactant; Scheme 1b).

The fluorescence changes upon addition of various
concentrations of the surfactant to a buffered solution
containing Py-DPA were analyzed. The addition of low
concentrations of TWEEN 20 induced a slight increase in both
monomer and excimer fluorescence intensities. At concen-
trations near or above the CMC of TWEEN 20, the excimer
emission of Py-DPA decreased significantly, with a corre-
sponding increase in the monomer emission (Figure 3a). This
transition reflects the disassembly of Py-DPA nanoaggregates
upon incorporation of Py-DPA into micelles, demonstrating
the sensitivity of the system to micelle formation. From the
plot of the excimer-to-monomer fluorescence intensity ratio of
Py-DPA as a function of the logarithm of TWEEN 20
concentration, the CMC of TWEEN 20 was determined to be
45 μM, which is in good agreement with previously reported
values.47

To obtain mechanistic insight into the excimer-to-monomer
emission transition of Py-DPA in response to micelle
formation, ultraviolet visible (UV−vis) spectroscopy was
performed. The UV−vis absorption spectrum of Py-DPA in
DMSO exhibited three characteristic peaks at 346, 330, and
316 nm, corresponding to the vibronic transitions of the
pyrene chromophore (Figure 4a, black, and Figure S3).48 In a
buffered solution, these peaks red-shifted to 353, 335, and 320
nm (Figure 4a, red), a spectral change typically associated with
the formation of aggregates of organic dye compounds.49,50 In
the presence of TWEEN 20 in a buffered solution, the
absorption spectrum of Py-DPA closely resembled that
observed in DMSO (Figure 4a, blue), suggesting that Py-
DPA was incorporated into the TWEEN 20 micelles. This
interpretation was further supported by DLS analysis. In the
presence of TWEEN 20 in a buffered solution, the Z-average
hydrodynamic diameter of Py-DPA (5 μM) was measured to
be 8.7 ± 0.1 nm, which is comparable to the Z-average
hydrodynamic diameter of TWEEN 20 micelles (7.65 ± 0.02
nm) (Figure S4). Additional support was provided by
transmission electron microscopy (TEM) and high-angle
annular dark-field scanning transmission electron microscopy
(HAADF-STEM). In the absence of TWEEN 20, Py-DPA
formed irregular nanoaggregates in a buffered solution (Figure
4b). Upon addition of TWEEN 20, these nanoaggregates were
no longer observed, and small, diffuse nanostructures similar in
size and distribution to TWEEN 20 micelles were observed
(Figures 4c,d and S5). These results suggest that Py-DPA
aggregates were solubilized into the TWEEN 20 micelles.

The versatility of the Py-DPA-based ratiometric assay was
further evaluated using CTAB, SDBS, SDS, and CHAPS
surfactants. For all four surfactants, a similar fluorescence

Figure 1. Structure of Py-DPA.
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transition pattern was observed near their respective CMCs,
characterized by a sharp decrease in excimer emission and a
corresponding increase in monomer emission (Figures 5 and
S6−S9). This consistent behavior enabled an accurate
determination of the CMC values for each surfactant.
Specifically, the CMCs of CTAB, SDBS, SDS, and CHAPS
were determined to be 0.278 mM, 0.65 mM, 2.20 mM, and
3.799 mM, respectively, which are in good agreement with
previously reported values (Table 1). These findings
demonstrate that the Py-DPA-based ratiometric fluorescence
assay is broadly applicable for determining the CMCs of
various surfactants with differing ionic properties.

Furthermore, the robustness and applicability of the Py-
DPA-based ratiometric assay were evaluated under various
conditions, including variations in pH, ionic strength, and
temperature. To investigate the influence of pH and buffer
systems, the CMC of TWEEN 20 was determined by using the
Py-DPA-based ratiometric assay in three different buffers:
MES (pH 5.5), HEPES (pH 7.4), and CHES (pH 9.5). At pH
7.4 and 9.5, fluorescence transition patterns similar to those
observed at pH 8.0 were observed, allowing the CMCs to be
determined as 50 and 44 μM, respectively (Figures S10 and
S11). Interestingly, at pH 5.5, the excimer fluorescence of Py-
DPA was relatively low, which may be attributed to the
solubility change of Py-DPA caused by protonation of the
pyridine moiety. Nevertheless, upon addition of TWEEN 20,

excimer fluorescence slightly increased, and near the CMC, a
characteristic decrease in excimer fluorescence was observed.
This change enabled ratiometric analysis, allowing the CMC to
be determined as 45 μM at pH 5.5 (Figure S12).

To investigate the influence of ionic strength, the CMC of
SDS was determined using the Py-DPA-based ratiometric
assay in the presence of varying concentrations of NaCl (100,
250, and 500 mM). As the salt concentration increased, the
CMC of SDS gradually decreased, with values determined to
be 1.81 mM, 1.04 mM, and 0.68 mM, respectively (Figures 6
and S13−S15), which is consistent with previously reported
trends.53,54 In addition, the effect of the temperature on micelle
formation was examined by performing the assay after
incubation at 60 °C. A clear fluorescence transition was still
observed, and the CMC of SDS at 60 °C was determined to be
6.1 mM (Figure S16).53,55 These results indicate that the Py-
DPA-based ratiometric assay can reliably reflect and quantify
changes in the CMC of surfactants under diverse environ-
mental conditions.

■ CONCLUSIONS
A ratiometric fluorescence assay based on the AIEE behavior of
Py-DPA was developed to determine the CMC of various
surfactants. Py-DPA forms self-assembled nanoaggregates in a
buffered solution and exhibits strong AIEE. The nano-

Figure 2. (a) Fluorescence spectra of various concentrations of Py-DPA in a buffered solution. Blue: 1 μM, red: 25 μM. (b) Plot of intensity of
monomer (376 nm, black dot) or excimer (480 nm, red dot) fluorescence as a function of Py-DPA concentration. [Py-DPA] = 1−25 μM, [Tris−
HCl] = 10 mM (pH 8.0), [EDTA] = 1 mM, 10% DMSO, λex = 341, and λem = 350−700 nm. (c) Result of DLS analysis of Py-DPA nanoaggregates
(5 μM). (d) Fluorescence spectra of Py-DPA with various DMSO ratios in a buffered solution. Blue: 10% DMSO, red: 50% DMSO, and green:
90% DMSO. Inset: Plot of fluorescence intensity ratio of excimer/monomer as a function of the DMSO ratio. [Py-DPA] = 10 μM, [Tris−HCl] =
10 mM (pH 8.0), [EDTA] = 1 mM, DMSO ratio = 10−90% (v/v), λex = 341, and λem = 350−700 nm.
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aggregates of Py-DPA exhibited a distinct and reproducible
excimer-to-monomer emission transition upon disassembly
induced by micelle formation, enabling determination of the
CMC. The assay allowed the successful determination of the
CMCs of various surfactants with different ionic properties,
including nonionic, cationic, anionic, and zwitterionic
surfactants; the measured CMC values showed good agree-
ment with previously reported values. Furthermore, the assay
demonstrated reliable performance under a range of environ-
mental conditions, including variations in pH, ionic strength,
and temperature. The results demonstrate the broad
applicability and reliability of the Py-DPA-based ratiometric
fluorescence assay as a convenient and effective tool for
determining the CMC of surfactants.

■ EXPERIMENTAL SECTION
Materials and Instruments. Chemical reagents were

purchased from commercial sources (Sigma-Aldrich, Alfa
Aesar, Tokyo Chemical Industry, Duksan Pure Chemicals,
and Daejung Chemicals), unless otherwise stated, and used
without further purification. All surfactants used in this study
were purchased from Sigma-Aldrich and used without further
purification, including TWEEN 20 (Cat. No. P1379),
cetyltrimethylammonium bromide (CTAB, Cat. No. H6269),
sodium dodecylbenzenesulfonate (SDBS, Cat. No. 289957),
sodium dodecyl sulfate (SDS, Cat. No. L4509), and 3-[(3-
cholamidopropyl)dimethylammonio]-1-propanesulfonate
(CHAPS, Cat. No. 10810118001). A 100× Tris−EDTA buffer

(pH 8.0) was obtained from Sigma-Aldrich and appropriately
diluted with distilled water prior to use. Other buffer solutions
(pH 5.5 MES, pH 7.4 HEPES, and pH 9.5 CHES) were
prepared in-house.

NMR spectra were recorded on a JEOL 400 MHz NMR
spectrometer. Fluorescence spectra were recorded using an
Agilent Cary Eclipse fluorescence spectrometer with a
semimicro quartz cuvette (Hellma, Cat. No. 114F-QS). UV−
vis spectra were obtained using an Agilent Cary 8454 UV−vis
spectrophotometer with a semimicro quartz cuvette (Hellma,
Cat. No. 114B-QS). DLS analyses were performed using a
Malvern Instruments Zetasizer Nano ZSP. TEM and HAADF-
STEM analyses were conducted on a Tecnai G2 F30 S-Twin
(300 keV, FEI) using carbon-coated 400-mesh copper grids
(Electron Microscopy Sciences, Cat. No. CF400-Cu-50-UL).
Temperature-controlled experiments were conducted by using
a heating shaker (Jeio Tech, CBS-350). pH measurements
were performed by using a pH meter (Mettler Toledo,
SevenCompact S210) in combination with a pH electrode
(Mettler Toledo, InLab Routine Pro-ISM).

Synthesis of Py-DPA. Py-DPA was synthesized according
to a previously reported method, and the obtained 1H and 13C
NMR data showed good agreement with the previously
reported values.56−59 1H NMR (400 MHz, CDCl3) δ 8.50 (d, J
= 4.1 Hz, 2H), 8.15−8.23 (m, 3H), 7.97−8.09 (m, 5H), 7.79

Scheme 1. (a) Schematic of Py-DPA-Based Determination
of CMC of Surfactants; (b) Structure of Surfactants

Figure 3. (a) Fluorescence spectra of Py-DPA in the presence of
various concentrations of TWEEN 20. Blue: 5 μM, green: 50 μM, red:
2000 μM. Inset: Plot of intensity of monomer (376 nm, black dot) or
excimer (480 nm, red dot) fluorescence as a function of TWEEN 20
concentration. [Py-DPA] = 5 μM, [Tris−HCl] = 10 mM (pH 8.0),
[EDTA] = 1 mM, 10% DMSO, λex = 341, and λem = 350−700 nm.
(b) Plot of fluorescence intensity ratio of excimer-to-monomer of Py-
DPA as a function of logarithm of concentration of TWEEN 20.
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(d, J = 7.8 Hz, 1H), 7.56 (td, J = 7.8, 1.8 Hz, 2H), 7.47 (d, J =
7.8 Hz, 2H), 7.08−7.11 (m, 2H), 3.81 (s, 4H), 3.27 (t, J = 7.8
Hz, 2H), 2.64 (t, J = 7.3 Hz, 2H), 1.81−1.89 (m, 2H), 1.68−
1.75 (m, 2H). 13C NMR (100 MHz, CDCl3) δ 160.08, 148.99,
136.97, 136.42, 131.52, 130.99, 129.80, 128.66, 127.61, 127.30,
127.18, 126.61, 125.86, 125.15, 125.12, 124.89, 124.84, 124.72,
123.57, 122.95, 121.94, 60.68, 54.41, 33.39, 29.49, 27.25.

Concentration-Dependent Fluorescence Analysis of
Py-DPA. Various concentrations of Py-DPA (10−250 μM in
DMSO, 100 μL) were added to 900 μL of Tris-EDTA buffer

(pH 8.0) solution. After vortexing for 3 s, the resulting
mixtures (total volume: 1000 μL) were transferred to a quartz
cuvette, and fluorescence spectra were recorded. The final
concentrations were as follows: [Py-DPA] = 1−25 μM,
DMSO content = 10% (v/v), [Tris-HCl] = 10 mM, and
[EDTA] = 1 mM.

Fluorescence Behavior of Py-DPA in Response to
DMSO Content. A mixture of DMSO and Tris-EDTA buffer
solution (pH 8.0) with varying volume ratios (DMSO/water =
0/9 to 8/1, v/v; total volume: 900 μL) was prepared, to which
Py-DPA (100 μM in DMSO, 100 μL) was added. After
vortexing for 3 s, the resulting mixtures (final volume: 1000
μL) were transferred to a quartz cuvette, and fluorescence
spectra were recorded. The final concentrations were: [Py-
DPA] = 10 μM, DMSO content = 10−90% (v/v), [Tris-HCl]
= 10 mM, and [EDTA] = 1 mM.

DLS Analysis of Py-DPA Nanoaggregates and TWEEN
20 Micelles. Py-DPA Nanoaggregates. Various concentra-

Figure 4. (a) UV−vis spectra of Py-DPA (25 μM) in DMSO (black), in a buffered solution in the absence of TWEEN 20 (red), and in the
presence of 2 mM TWEEN 20 (blue). Buffer conditions: [Tris−HCl] = 10 mM (pH 8.0), [EDTA] = 1 mM, and 10% DMSO. (b) TEM image of
Py-DPA nanoaggregates. (c, d) TEM and HAADF-STEM images of Py-DPA in the presence of TWEEN 20.

Figure 5. Plot of normalized fluorescence ratio of excimer-to-
monomer of Py-DPA as a function of the logarithm of concentration
of surfactants. Black: TWEEN 20, red: CTAB, blue: SDBS, green:
SDS, and purple: CHAPS.

Table 1. Summary of CMC Value of Surfactants

Surfactant Calculated CMCa,b Reported CMC

TWEEN 20 0.045 ± 0.001 mM 0.05 mMc

CTAB 0.278 ± 0.006 mM 0.2 mMd

SDBS 0.65 ± 0.02 mM 0.61 mMe

SDS 2.20 ± 0.08 mM 1.99 mMd

CHAPS 3.799 ± 0.001 mM 4.0 mMf

aObtained from fluorescence assay using a Py-DPA. bValues represent
the mean ± standard deviation from three independent experiments
with freshly prepared samples. cIn water.47 dpH 7.0, phosphate
buffer.11,51 epH 6.8, phosphate buffer.17 fpH 7.4, HEPES buffer.52
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tions of Py-DPA (10−250 μM in DMSO, 100 μL) were added
to 900 μL of Tris-EDTA buffer solution (pH 8.0). After
vortexing for 3 s, the resulting mixtures (final volume: 1000
μL) were transferred to a quartz cuvette for DLS analysis. Each
sample was measured three times after a 120-s equilibration
period, using automatically optimized run counts and
attenuator settings. The Z-average hydrodynamic diameter of
Py-DPA nanoaggregates was determined from the intensity-
based size distribution report. The final concentrations were as
follows: [Py-DPA] = 1−25 μM, DMSO content = 10% (v/v),
[Tris-HCl] = 10 mM, and [EDTA] = 1 mM. Dispersant
parameters were set as follows: viscosity = 1.0 cP, refractive
index = 1.348, and dielectric constant = 74.
TWEEN 20 Micelles. TWEEN 20 (10 mM in water, 200 μL)

was added to the mixture of Tris-EDTA buffer (pH 8.0) and
DMSO (buffer/DMSO = 8/1, v/v; total volume: 800 μL).
After vortexing for 3 s, the resulting mixture (final volume:
1000 μL) was transferred to a quartz cuvette, and DLS analysis
was performed. The final concentrations were as follows:
[TWEEN 20] = 2 mM, DMSO content = 10% (v/v), [Tris-
HCl] = 10 mM, and [EDTA] = 1 mM.
Py-DPA in the Presence of TWEEN 20 Micelles. Py-DPA

(50 μM in DMSO, 100 μL) was added to 900 μL of a Tris-
EDTA buffer solution (pH 8.0) containing TWEEN 20. After
vortexing for 3 s, the resulting mixture (final volume: 1000 μL)
was transferred to a quartz cuvette, and DLS analysis was
performed. The final concentrations were as follows: [Py-
DPA] = 5 μM, [TWEEN 20] = 2 mM, DMSO content = 10%
(v/v), [Tris-HCl] = 10 mM, and [EDTA] = 1 mM.

Determination of the CMC of Surfactants Using Py-
DPA. Various concentrations of TWEEN 20 (50−20,000 μM
in water, 100 μL) were added to 900 μL of Tris-EDTA buffer
solution (pH 8.0) containing Py-DPA dissolved in DMSO.
After vortexing for 3 s, the resulting mixtures (final volume:
1000 μL) were transferred to a quartz cuvette, and
fluorescence spectra were recorded. The CMC was determined
by fitting the plot of log ([TWEEN 20]) as a function of the
excimer-to-monomer fluorescence intensity ratio using a
Boltzmann function, where the inflection point (x0) was used
as the CMC value. All experiments were performed three times
independently, and the results were averaged. Similar
procedures were applied to other surfactants using appropriate

concentration ranges. The final concentrations were as follows:
[Py-DPA] = 5 μM, [TWEEN 20] = 5−2000 μM, DMSO
content = 10% (v/v), [Tris-HCl] = 10 mM, and [EDTA] = 1
mM.

Evaluation of Robustness and Applicability of the Py-
DPA-Based Ratiometric Assay. Effect of pH. Py-DPA (50
μM in DMSO, 100 μL) was added to 900 μL of buffer solution
(pH 5.5 MES, pH 7.4 HEPES, or pH 9.5 CHES) containing
various concentrations of TWEEN 20. After vortexing for 3 s,
the resulting mixtures (final volume: 1000 μL) were trans-
ferred to a quartz cuvette, and fluorescence spectra were
recorded. The CMC was determined by fitting the plot of
log([TWEEN 20]) as a function of the excimer-to-monomer
fluorescence intensity ratio using a Boltzmann function, where
the inflection point (x0) was used as the CMC value. For pH
5.5, the data were fitted using a Voigt function, and the center
position (xc) was used to determine the CMC value. The final
concentrations were as follows: [Py-DPA] = 5 μM, [TWEEN
20] = 5−2000 μM, [Buffers] = 10 mM, and DMSO content =
10% (v/v).
Effect of Ionic Strength. Py-DPA (50 μM in DMSO, 100

μL) was added to 900 μL of a Tris-EDTA buffer solution (pH
8.0) containing various concentrations of SDS and NaCl. After
vortexing for 3 s, the resulting mixtures (final volume: 1000
μL) were transferred to a quartz cuvette, and fluorescence
spectra were recorded. The CMC was determined by fitting
the plot of log([SDS]) as a function of the excimer-to-
monomer fluorescence intensity ratio using a Boltzmann
function, where the inflection point (x0) was used as the CMC
value. The final concentrations were as follows: [Py-DPA] = 5
μM, [SDS] = 100−10000 μM, [NaCl] = 0, 100, 250, or 500
mM, [Tris-HCl] = 10 mM, [EDTA] = 1 mM, and DMSO
content = 10% (v/v).
Effect of Temperature. A total of 900 μL of Tris-EDTA

buffer (pH 8.0) containing various concentrations of SDS was
incubated in a heating shaker at 60 °C with shaking (800 rpm)
for 5 min. Py-DPA (50 μM in DMSO, 100 μL) was then
added to the mixtures, which were vortexed for 3 s, transferred
quickly to a quartz cuvette, and subjected to fluorescence
spectral analysis. The CMC was determined by fitting the plot
of log([SDS]) as a function of the excimer-to-monomer
fluorescence intensity ratio using a Boltzmann function, where
the inflection point (x0) was used as the CMC value. The final
concentrations were as follows: [Py-DPA] = 5 μM, [SDS] =
100−30000 μM, [Tris-HCl] = 10 mM, [EDTA] = 1 mM, and
DMSO content = 10% (v/v).
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