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Digital fluorescent pH probes: polymer-based
design, fluorescence response, mechanism,
functional tuning and application to logic
operation in live cells
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We report fluorescent digital pH probes based on a polymeric design comprising thermoresponsive,
proton-binding and environment-sensitive fluorescent units. At selected temperatures, fluorescence
switching was nearly complete, with a slight pH variation of <1 unit. The fluorescence-switching mecha-
nism involved a proton-induced three-dimensional structural change in the polymer, which altered local
hydrophobicity near the environment-sensitive fluorescent units. Based on the change in local hydropho-
bicity during operation, extremely sharp responses were produced because of the variation in proton-
binding abilities of the probes. The polymeric design ensured functional flexibility, including a pH-respon-
sive region and a direction of fluorescence switching. As an application of fluorescent digital pH probes,
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intracellular logic operations were performed by varying the pH and temperature. By distinguishing the
minute pH and temperature difference inside mammalian cells, a specific condition—high pH and temp-
erature—generated strong fluorescence with an extended fluorescence lifetime, as confirmed via fluor-
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Introduction

Fluorescent probes change their fluorescence characteristics
such as fluorescence intensity and lifetime, and maximum
emission wavelength in response to concentrations of chemi-
cal species (i.e., ions or molecules) or variations in physical
quantities (e.g., temperature and viscosity)."® To date, various
fluorescent ion probes have been developed. Among them,
fluorescent pH probes are used in specialized research areas
and even daily life,Y as aqueous solutions always contain
protons, and solution pH predominantly influences chemical
reactions® and bioenergetically represented biological events.®
Fluorescence-imaging microscopy is a practical application of
fluorescent pH probes, with a significant impact on biology.”
As a general principle of fluorescent ion probes, the func-
tion of fluorescent pH probes relies on the equilibrating com-
plexation of the receptor (e.g., an amine) and target ion (i.e.,
the proton in this case) (eqn (1)).
Free probe + H" 2 Protonated probe

(1)

The difference between free and protonated receptors in
their effects on the electric properties of the fluorophore is the
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escence-lifetime imaging microscopy.

basis of the fluorescence off-on switching mechanism. The
control of internal charge transfer (ICT) and photoinduced
electron transfer (PET) efficiency is involved in fluorescent pH
probes.® The definition of the acidity constant (K,) for a fluo-
rescent pH probe is expressed as eqn (2).

K, = ([Free probe]|[H"])/[Protonated probe]

(2)

The following eqn (3) should always be effective in an
aqueous solution.

—log ([Protonated probe]/[Free probe]) = pH — pK,

3)

Eqn (3) indicates that the operational pH width of probes is
fundamentally constant (two pH units are necessary for the
variation from [Protonated probe]/[Free probe] = 0.1 to
[Protonated probe]/[Free probe] = 10), whereas the operational
PH range shifts according to the pK, value of the probe.

Although the relation in eqn (3) is universal for fluorescent
pH probes, unusually sharp responses to pH variation in a
narrow pH width appear in considerably limited cases, invol-
ving inner filter effects,” micellization of block copolymers,'**?
deoxyribonucleic acid (DNA) i-motifs** and sequential protona-
tion of multiple receptors in a molecule."*® Such digital
responses of fluorescent pH probes are beneficial for highly sen-
sitive pH monitoring and molecular logic operation,"”° where
fluorescence switching should be completed by a minor vari-
ation in proton concentrations (a small pH change). A note-

This journal is © The Royal Society of Chemistry 2026
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worthy application of a digital fluorescent pH-sensing system is
highly selective in vivo tumor imaging in mice.”*

In 2009, we unexpectedly discovered the digital behavior of
a few fluorescent polymeric pH probes and reported four
examples in a preliminary communication.”” Our detailed
findings are mentioned here again. (i) Poly(N-isopropyl-
acrylamide) (PNIPAM) is a thermoresponsive polymer with a
lower critical solution temperature (LCST)**** and forms a flex-
ible structure upon hydration between the amide groups of
NIPAM units and solvent water molecules in cold aqueous
solutions. In contrast, it becomes rigid and globular by the
breaking of hydrogen bonds and the accompanying entropy
gain due to the released water molecules when the tempera-
ture of the solution is >31 °C (i.e., the LCST of PNIPAM).>® The
hydrophobic interaction between isopropyl moieties in side
chains is dominant, forming relatively large interpolymeric

Thermo-
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agglomerates. Thus, the solution becomes colloidal when the
temperature is >31 °C (Fig. 1a).”® (ii) When ion-binding units
are incorporated into PNIPAM, the copolymer responds to ions
and temperature changes. The LCST of the copolymer contain-
ing the benzo-18-crown-6 moiety depends on the K concen-
tration (Fig. 1b).>® At high K" concentrations, benzo-18-crown-
6 forms an ionic K" complex, decreasing the hydrophobicity of
the side chain and shifting the LCST to a high temperature.
Thus, the copolymer comprising benzo-18-crown-6 is con-
sidered a polymeric K" probe in aqueous solution when the
temperature is fixed between the two LCSTs. (iii) A small
amount of an environment-sensitive (polarity- and hydrogen-
bonding-sensitive) fluorophore is incorporated into PNIPAM to
form a copolymer, which functions as a fluorescent thermo-
meter. The copolymer comprising NIPAM and N-{2-[(7-N,N-di-
methylaminosulfonyl)-2,1,3-benzoxadiazol-4-yl|(methyl)
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Fig. 1 Thermoresponsive-PNIPAM-based functional polymers. (a) PNIPAM. Chemical structure (left), temperature-dependent transmittance of the

aqueous solution (1 wt%) (middle), and operational mechanism (right).

(b) Poly(NIPAM-co-B18C6AM). Chemical structure (left), [K*]-dependent

transmittance of the aqueous solution (1 wt%) ([K*] = 0 or 0.105 mol L™%) (middle), and operational mechanism (right). (c) Poly(NIPAM-co-DBD-AA).
Chemical structure (left) and temperature-dependent fluorescence intensity of the heated aqueous solution (0.01 w/v%) (right, measured using the
procedure described in ref. 27). The excitation wavelength is 456 nm. (d) Chemical structure of poly(NIPAM-co-DMAPAM-co-DBD-AA) (copolymer
1). Transmittance changes in panels (a) and (b) are adapted with permission from ref. 23 and 26, respectively.
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amino}ethyl-N-methylacrylamide (DBD-AA) [poly(NIPAM-co-
DBD-AA)] emits strong fluorescence when the solution temp-
erature is increased beyond the LCST (>31 °C) (Fig. 1c).”’
Fluorescent polymeric thermometers developed based on this
strategy play a crucial role in monitoring intracellular tempera-
ture.”® Additionally, the concept of thermal signaling® has
been proposed by using fluorescent polymeric thermometers
in cellular biology. (iv) We predicted a fluorescent polymeric
PH probe when proton-binding and environment-sensitive fluo-
rescent units were incorporated into PNIPAM. The copolymer
comprising NIPAM, N-[3-(dimethylamino)propyl]acrylamide
(DMAPAM) and DBD-AA units [poly(NIPAM-co-DMAPAM-co-
DBD-AA), 1; Fig. 1d] showed pH-dependent fluorescence charac-
teristics, and for some reason, the response was much sharper
than that of conventional fluorescent pH probes.**

This article is a full paper version based on the previous
work.?? In the beginning, the fluorescence characteristics of 1
are described for the second time to demonstrate its unusually
sharp response to a pH variation. Then, we elucidate the func-
tional mechanism underlying high sensitivity to small pH vari-
ations. The structural flexibility and limitations of digital fluo-
rescent pH probes for tuning the operational pH range (pK, of
the probe) and the switching direction (i.e., on—off vs. off-on)
are discussed using new and reported polymers.”* Finally, the
digital fluorescent pH probes are applied to molecular logic
operations that can simultaneously sense multiple chemical
and physical factors in live cells. Extremely sharp responses to
PH and temperature enable the discrimination of a specific
cellular status, with slight pH and temperature differences.

Experimental

Materials

N-(3-Aminopropyl)acrylamide (APAM),*® DBD-AA,>” 4-(2'-N,N-di-
methylaminoethyl)amino-7-N,N-dimethylaminosulfonyl-2,1,3-
benzoxadiazole (DBD-DMAEA),>' N,2-dimethyl-N-(2-{methyl[7-
(dimethylsulfamoyl)-2,1,3-benzoxadiazol-4-yl Jamino}ethyl)pro-
panamide (DBD-IA),*> N-[3-(diethylamino)propyl]acrylamide
(DEAPAM),** N-(3-morpholin-4-ylpropyl)acrylamide (MPAM),*?
N-n-propylacrylamide (NNPAM),>* and 4-vinylbenzoic acid
(VBA)** were prepared using reported methods. NIPAM was
obtained from Wako Pure Chemicals (currently, FUJIFILM
Wako Pure Chemical Corporation) and purified via recrystalli-
zation from n-hexane. DMAPAM was obtained from Wako Pure
Chemicals. HPTS was purchased from Invitrogen (currently,
Thermo Fisher Scientific, Inc.). N-tert-Butylacrylamide
(NTBAM) was obtained from Sigma-Aldrich. Water was puri-
fied using a Milli-Q® reagent system (Direct-Q 3 UV,
Millipore). All other reagents were of guaranteed reagent grade
and used without further purification.

Synthesis of dimethyl 2,2’-((3-acrylamidopropyl)azanediyl)
diacetate (DMACAPAM)

APAM (as hydrochloric acid salt, 165 mg, 1 mmol) and potass-
ium carbonate (742 mg) were suspended in acetonitrile
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(10 mL). After the addition of methyl bromoacetate (918 mg,
6 mmol), the mixture was stirred at 70 °C for 6 h. After the
reaction, the solution was filtered and evaporated under
reduced pressure. The residue was chromatographically separ-
ated on a silica gel column using dichloromethane-methanol
(100: 1, v/v) as an eluent to produce DMACAPAM as a colorless
oil (48.4 mg, 17.8%); "H NMR (400 MHz, CDCl;, 8): 7.68 (br,
1H), 6.28-6.33 (ss, 1H, J = 2.6, 17.0 Hz), 6.20-6.26 (ss, 1H, J =
9.4, 17.0 Hz), 5.58-5.61 (d, 1H, J = 2.6, 9.4 Hz), 3.72 (s, 6H),
3.47-3.52 (m, 6H), 2.78 (t, 2H, J = 5.8 Hz), 1.63-1.69 (m, 2H);
13C NMR (100 MHz, CDCl,, 6): 171.9, 165.6, 131.5, 125.5, 54.7,
52.2, 51.8, 37.8, 25.9; HRMS-ESI (m/2): [M + Na'] caled for
C1,H,0N,NaOs*: 295.1264; found: 295.1264.

Preparation of copolymers

General procedures for preparing 1-6. NIPAM (4.5 mmol), a
proton-binding monomer (DMAPAM, DEAPAM, MPAM,
DMACAPAM, acrylic acid (AA) or VBA; 0.5 mmol), DBD-AA
(5 pmol) and a,a'-azobisisobutyronitrile (AIBN, 50 pmol) were
dissolved in 1,4-dioxane (10 mL). The solution was bubbled
with dry nitrogen or argon for 30 min to remove dissolved
oxygen. The reaction mixture was polymerized at 60 °C for
6-8 h (6 h for 2-4 and 6, and 8 h for 1 and 5), cooled to room
temperature, and poured into diethyl ether (200 mL). The
obtained copolymer was purified via reprecipitation using 1,4-
dioxane (10 mL) and diethyl ether (200 mL). The yields are
summarized in Table 1.

Preparation of 7 and 8. NNPAM or NTBAM (4.5 mmol),
DMAPAM (0.5 mmol), DBD-AA (5 pmol) and AIBN (50 pmol)
were dissolved in 1,4-dioxane (10 mL). The solution was then
bubbled with dry argon to remove dissolved oxygen. The reac-
tion mixture was polymerized at 60 °C for 6 h, cooled to room
temperature, and poured into diethyl ether (200 mL; for 7) or
n-hexane (200 mL; for 8). The obtained copolymer was purified
via reprecipitation using acetone (5 mL)-diethyl ether
(150 mL) for 7 or acetone (5 mL)-n-hexane (200 mL) for 8. The
yields are summarized in Table 1.

Fluorescent polymeric logic gate 9. NIPAM (2.25 mmol),
MPAM (0.25 mmol), DBD-AA (25 pmol) and AIBN (25 pmol)
were dissolved in 1,4-dioxane (5 mL), and the solution was
bubbled with dry argon for 30 min to remove dissolved
oxygen. The reaction mixture was polymerized at 60 °C for 6 h,
cooled to room temperature, and poured into diethyl ether
(100 mL). The obtained copolymer was purified via reprecipita-
tion using 1,4-dioxane (5 mL) and diethyl ether (100 mL). The
yield was 63%.

Characterization of copolymers

The thermoresponsive and proton-binding units in the copoly-
mers, except for copolymer 5, were characterized by 'H-nuclear
magnetic resonance ("H-NMR) spectra recorded using Bruker
Avance III HD 400 in deuterated chloroform (CDCl;). The
content of AA units in 5 was determined by an acid-base titra-
tion. The proportions of DBD-AA units in the copolymers were
determined from the absorbance in methanol, which was com-

This journal is © The Royal Society of Chemistry 2026
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Table 1 Characterization of the synthesized copolymers composed of thermoresponsive, proton-binding and fluorescent DBD-AA units

No. Thermo-responsive unit Proton-binding unit Feed ratio® Yield (%) Actual unit ratio” M, M,? M, /M,
1°¢ NIPAM DMAPAM 90:10:0.1 83 87.3:12.7:0.038 120 000 40 000 3.01

2°¢ NIPAM DEAPAM 90:10:0.1 71 92.2:7.8:0.028 79500 39200 2.03

3¢ NIPAM MPAM 90:10:0.1 82 90.8:9.2:0.066 70300 23200 3.03

4 NIPAM DMACAPAM 90:10:0.1 67 92.5:7.5:0.092 82 800 34 000 2.44

5¢ NIPAM AA 90:10:0.1 83 90.9:9.1:0.079 139000 56 700 2.45

6 NIPAM VBA 90:10:0.1 56 86.1:13.9:0.091 16 500 11 300 1.46

7 NNPAM DMAPAM 90:10:0.1 63 90.7:9.3:0.054 108 000 47 200 2.29

8 NTBAM DMAPAM 90:10:0.1 62 90.2:9.8:0.068 78 800 34700 2.27

9 NIPAM MPAM 90:10:1 63 91.2:8.8:0.77 118 000 55500 2.12

“Ratio of monomers for thermoresponsive, proton—binding and fluorescent DBD-AA units. ” Ratio of thermoresponsive, proton-binding and fluo-

rescent DBD-AA units. © Weight-average molecular weight.

pared with that of the model fluorophore DBD-IA [molar
absorption coefficient (£) = 10 800 M~" cm ™" at 444 nm].*?

The molecular weights of the copolymers were determined
via gel permeation chromatography (GPC), comprising a
JASCO PU-4580 pump, a JASCO RI-4030 refractive index detec-
tor, a JASCO CO-4060 column thermostat (set at 40 °C) and a
Shodex GPC KD-806M column. A calibration curve was gener-
ated using a polystyrene standard, and 1-methyl-2-pyrrolidi-
none containing lithium bromide (LiBr; 20 mM) was used as
the eluent.

Fluorescence measurements of copolymers

The fluorescence spectra of the copolymers were recorded
using a JASCO FP-6500 spectrofluorometer—equipped with a
Hamamatsu R-7029 optional photomultiplier tube (operative
range: 200-850 nm)—or a JASCO FP-8500 spectrofluorometer
—equipped with a Hamamatsu R928 optional photomultiplier
tube (operative range: 200-850 nm)—in Britton-Robinson
buffer solutions®® with excitation at 450 nm, and corrected
using a JASCO ESC-333 standard light source. Borate (0.1 M),*®
phosphate (0.2 M)*” and citrate (0.2 M)*® buffer solutions were
also used for evaluating the functions of 1, 3 and 5, respect-
ively. After adjusting the pH at 20 °C, the sample was equili-
brated at a specific temperature for at least 60 s. The sample
temperature was controlled using a JASCO ETC-273T tempera-
ture controller. The fluorescence quantum yields (®¢) were
determined using a JASCO FP-8500 spectrofluorometer with a
JASCO ILF-835 integrating sphere unit.

The fluorescence lifetimes were measured using a Horiba
Jobin Yvon FluoroCube 3000U. The samples were excited at
456 nm with an LED (NanoLED-460, Horiba) at a repetition
rate of 1 MHz. The temperature of the sample was controlled
using a JASCO ETC-273T temperature controller. The obtained
fluorescence decay curve was fitted by a double-exponential
function using eqn (4).

I(t) = A exp(—t/71) + Ay exp(—t/12) (4)

Fractional contributions (P; and P, for 7; and 7,, respect-
ively) and average fluorescence lifetimes were calculated using
the following equations:

Py :Al‘[l/(Alfl +A2T2) x 100

(5)

This journal is © The Royal Society of Chemistry 2026

Number-average molecular weight. ¢ Originally reported in ref. 22.

PZ :Azfz/(A1T1 +A2T2) x 100
T = (Al‘[lz +A2T22)/(A1‘[1 +A272)

Determination of pK, for the conjugate acid of the
dimethylmonoalkylamino moiety

The pK, value of the conjugate acid of the dimethyl-
monoalkylamino moiety was determined via pH titration of
the model fluorescent pH probe, DBD-DMAEA, exhibiting PET
control-based fluorescence off-on switching. The apparent pK,
values (apppKa) of DBD-DMAEA were determined in pure water,
mixtures of water and methanol (4:1, 1:1 and 1:4 w/w), and
mixtures of water and ethanol (4:1, 1:1 and 1:4 w/w) by
fitting the pH values measured using a glass electrode
(9618S-10D, Horiba)-equipped pH meter (LAQUA F-73, Horiba)
and pH-dependent fluorescence intensity data using eqn (8).

(8)

where FI is the observed fluorescence intensity at a fixed wave-
length, Fl,.x and FIL,;, are the corresponding maximum and
minimum fluorescence intensities, respectively, and ,pppK, is
the apparent acidity constant. In alcohol-containing solutions,
pK, values were obtained by subtracting the liquid-junction
potential (5)>**? (Table 2) from ,,,pK, values.

—log[(Flnax — FI)/(FI — Flyin)] = pH —appPKa

Logic operation in live HeLa cells

Fluorescence lifetime imaging was performed using a Leica
TCS SP8-FALCON confocal laser scanning microscope with a
time-correlated single photon counting (TCSPC) module.
Cultured HeLa cells were washed with phosphate-buffered
saline (PBS) and then treated with a 5% glucose solution con-
taining 0.05 w/v% of 9. After incubation at room temperature
for 10 min, the cells were washed twice with PBS and
immersed in 50 mM phosphate buffer solutions (pH 5.5-8.0)
containing 80 mM potassium chloride, 1 mM magnesium
chloride and 20 pM nigericin.*' The treated HeLa cells were
allowed to stand at room temperature for 5 min and observed
at fixed temperatures under excitation by a PicoQuant PDL
800-B pulsed laser at 470 nm with a repetition rate of 20 MHz.
The temperature of the microscope stage was controlled using
Tokai Hit STXG-WSKMX-SET. Fluorescence emitted in the

Analyst, 2026, 151,1978-1991 | 1981
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Table 2 pKj, values of the protonated tertiary amine of DBD-DMAEA in
various aqueous solvents

Solvent D* apppKab &5 pKa
Water 78.5 8.35 — 8.35
Water-methanol (8 : 2, w/w) 69.2 8.01 0.01 8.00
Water-methanol (5: 5, w/w) 54.9 7.52 0.13 7.39
Water-methanol (2 : 8, w/w) 40.1 6.84 —0.06 6.90
Water-ethanol (8 : 2, w/w) 67.0 7.98 —-0.03 8.01
Water-ethanol (5 : 5, w/w) 49.0 7.25 0.17 7.08
Water-ethanol (2 : 8, w/w) 32.8 6.72 0.11 6.61

“ Dielectric constant.”® ?Measured using a glass electrode pH meter

standardized as per usual using aqueous buffer solutions.  Correction
constant for a specific composition of a solvent medium.*

500-700 nm range was captured, using an HC PL APO 63 x
1.40 NA oil CS2 objective lens (Leica) in 512 x 512 pixel format,
with a pinhole size of 3 units. Samples were scanned at 400 Hz
and fluorescence lifetime images were acquired by accumulat-
ing 50 times. To achieve a photon count rate of 0.5%-2% of
the pulse count rate (2 x 10’ Hz), the laser power was con-
trolled. Fluorescence lifetime images were obtained using
Leica Application Suite X in a fast FLIM mode.

Results and discussion
Digital fluorescence responses of 1 to pH variations

First, the function of 1 as a fluorescent pH probe were demon-
strated. The copolymers studied herein were prepared via
random polymerization using AIBN. The characterization of
unit compositions and molecular weights of the as-prepared
copolymers are summarized in Table 1. The unit ratios of
thermoresponsive, proton-binding and fluorescent units in the
copolymers were equivalent to the corresponding monomer
ratios in the feed. Fig. 2a shows the relation between the fluo-
rescence intensity of 1 and temperature in Britton-Robinson
buffer solutions at pH 2 and 12.*> The DMAPAM units in 1 are
expected to be protonated at pH 2 and deprotonated at pH 12.
Fig. 2a (closed circle) shows NIPAM units-induced thermo-
responsive behavior of 1 at pH 12. In contrast, this behavior
disappeared at pH 2 (open circle), as protonated 1 is too hydro-
philic to be subjected to a heat-induced phase transition. The
orange region shown in Fig. 2a suggests that the fluorescence
off-on switching of 1 is induced by changing pH values in the
range of approximately 45 °C-60 °C.

Fig. 2b displays the fluorescence response of 1 to a pH vari-
ation. When the solution temperature was 50 °C (closed circle),
the fluorescence intensity was pH dependent. The corres-
ponding pH-dependent fluorescence spectra at 50 °C are shown
in Fig. 2c. However, no fluorescence switching was observed
when the solution temperature was 20 °C (open circle, Fig. 2b).
Fig. 2a clarifies the difference between the fluorescence-switch-
ing behavior at 20 °C and 50 °C. Notably, the response curve of
1 at 50 °C to pH variation was remarkably sharp. Fluorescence
switching of 1 was completed in a narrower pH range than
those of conventional organic fluorescent pH probes. The
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Fig. 2 Fluorescence characteristics of copolymer 1 (0.01 w/v%) in
Britton—Robinson buffer solutions. (a) Fluorescence responses to temp-
erature variation at pH 12 (closed) and 2 (open) with increasing tempera-
ture. (b) Fluorescence responses to pH variation at 50 °C (closed) and
20 °C (open). (c) The pH-dependent fluorescence spectra recorded at
50 °C. In the dotted-line region, excitation light-induced scattering
overlaps with the fluorescence spectra. (d) The pH-dependent fluor-
escence lifetime at the maximum emission wavelength at 50 °C.
Samples were excited at 450 nm for (a)—(c) and 456 nm for (d).

response curve of 8-hydroxypyrene-1,3,6-trisulfonate (HPTS)*
(Fig. S1) is a representative of the latter pH probes.

To analyze the unusual pH-dependent fluorescence behav-
ior of 1, we introduced an extended relation (eqn (9)), based on
the Henderson-Hasselbalch equation.**

—log[(FImax — FI)/(FI — Flyin)] = a (pH — pKa)

9)

where FI is the observed fluorescence intensity at a fixed wave-
length, Fl,.x and FlL,;, are the corresponding maximum and
minimum fluorescence intensities, respectively, pK, is the
(apparent) acidity constant, and a is the slope (equivalent to
one for conventional fluorescent pH probes following the orig-
inal Henderson-Hasselbalch equation). The fluorescence
response parameters of 1 to pH variation at 50 °C are a =
3.69 + 0.34 and pK, = 8.68 + 0.08 [average + standard deviation
(s.d.)] in Britton-Robinson buffer solutions.*” In a reference
experiment, a conventional fluorescent pH probe (HPTS)
shows a = 1.01 + 0.02 and pK, = 7.42 + 0.01. According to
eqn (9), a high a value indicates that a small pH variation is
sufficient for the complete fluorescence off-on switching of a
pH probe. The pH variation required for the fluorescence
output to change from 90.9% to 9.09% for 1 at 50 °C is only
0.52 units (¢f., conventional fluorescent pH probes including

This journal is © The Royal Society of Chemistry 2026
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Table 3 Fluorescence properties of the synthesized copolymers composed of thermoresponsive, proton-binding and fluorescent DBD-AA units in
Britton—Robinson buffer solutions; the maximum emission wavelength (1em), fluorescence quantum yield (@), fluorescence lifetime (), fluor-

escence rate constant (k;) and nonradiative rate constant (k,,)

Copolymer State pH T (°C) Jem “/Mm (o8 7P/ns k107 s kne/107 871
1 Off 7 50 605 0.046 3.3 1.4 29.2
On 11 50 574 0.20 9.8 2.1 8.2
2 Off 7 40 600 0.033 3.2 1.0 30.1
On 11 40 570 0.20 10.4 1.9 7.7
3 Off 4 50 601 0.084 3.0 2.8 30.9
On 8 50 570 0.28 9.8 2.9 7.4
4 Off 2 40 602 0.057 3.0 1.9 31.6
On 6 40 571 0.30 10.1 3.0 6.9
5 Off 6 45 600 0.042 2.9 1.5 33.3
On 2 45 560 0.34 12.8 2.7 5.1
6 Off 6 20 601 0.044 8.5 0.5 11.2
On 2 20 553 0.37 18.2 2.0 3.5
7 Off 7 37 600 0.086 3.7 2.3 24.7
On 11 37 568 0.25 10.2 2.4 7.4

“Excited at 450 nm and corrected. ? Average fluorescence lifetimes at A.,. Calculated using double-exponential components (Table S4) and

eqn (7).

HPTS always require two pH units). Herein, a fluorescent pH
probe with a high a value is called a digital fluorescent pH
probe, which exhibits a digital-type sharp response curve in the
pH-fluorescence output signal diagram. The maximum emission
wavelength of DBD-AA units in 1 is hypsochromically shifted
with increasing pH (Fig. 2c), indicating that the microenvi-
ronment near DBD-AA units changes from hydrophilic to hydro-
phobic because of the three-dimensional structural change in
the copolymer.

The fluorescence lifetime is a valuable detection parameter,
especially in bioimaging, because it is independent of the
fluorophore concentration and excitation source strength.®
Fig. 2d shows the pH-dependent fluorescence lifetime of 1 at
50 °C, calculated based on the corresponding fluorescence
decay curve fitted using a double-exponential function
(Table S1). A related study using poly(NIPAM-co-DBD-AA)*>
suggests that double components in the fluorescence decay
curves of 1 correspond to the fluorophore (DBD-AA units) with
and without hydrogen bonding to water molecules. Similar to
fluorescence intensity (Fig. 2b), the fluorescence lifetime of 1
at 50 °C sharply responded to a pH variation in a narrow
range, yielding a = 3.12 and apparent pK, = 8.47 according to
eqn (9), where the fluorescence intensity data are replaced by
the average fluorescence lifetime data (Fig. 2d). The pK, (8.47)
of copolymer 1 calculated based on fluorescence lifetime
measurements is slightly lower than the pK, (8.68) obtained by
measuring the fluorescence intensity because of the math-
ematical weighing of components in obtaining these values.
The fluorescence properties of 1 in the fluorescence “off” and
“on” states are summarized in Table 3.

Mechanism of 1 for producing sharp fluorescence responses
to a pH variation

The mechanism of exceptional digital-type responses to a pH
variation was investigated. 1 functions as a fluorescent pH
probe because of the three-dimensional structural change that

This journal is © The Royal Society of Chemistry 2026

occurs owing to the variation in hydrophobicity/hydrophilicity
of proton-binding units. This is entirely different from that of
conventional small organic fluorescent pH probes, which are
based on the electronic effects of an acid-base equilibrium on
a fluorophore. Thus, we hypothesized that the simultaneous
two physicochemical variations according to the pH-depen-
dent polymeric structural change in 1 were involved in the
digital-type responses: (i) microenvironmental polarity near
the main chain of 1 and (ii) basicity of amino moieties in
DMAPAM units in 1. Therefore, we experimentally investigated
these physicochemical variations during the operation of 1.

Fig. 3a displays the pH-dependent maximum emission
wavelength (left axis) of 1 at 50 °C. Because the maximum
emission wavelength of DBD-IA (Fig. 3b), a model of a DBD-AA
unit, correlates well with the dielectric constant (D) of solvent
(Table S2 and Fig. S2),*” the pH-dependent microenvironmen-
tal polarity near 1 during its function can be evaluated based
on the maximum emission wavelength as a local D (right axis;
Fig. 3a). Thus, the local D values near 1 are 58 and 7 in acidic
and basic pH regions, respectively.

The basicity of the dimethylalkylamino group in DMAPAM
units in 1 under high or low polarity was assessed using
DBD-DMAEA’" (Fig. 3c) as a fluorescent pH probe bearing the
identical dimethylalkylamino moiety. The fluorescence off-on
switching principle of DBD-DMAEA is based on the control of
PET,® and the pK, value of the conjugate acid of DBD-DMAEA
in water can be determined via fluorescence titration with
varying pH (Fig. S3). Similarly, the pK, values of the conjugate
acid of DBD-DMAEA in various media with different polarities
were obtained using mixtures of water-methanol and water-
ethanol (Table 2 and Fig. 3d). Fig. 3d shows that the basicity of
the dimethylalkylamino moiety in DBD-DMAEA is reduced
when the environmental polarity decreases. Limited reports on
the decrease in pK, values for amines with decreasing environ-
mental polarity are found for aniline,*® pyridine,*® 1-benzyli-
midazole®® and propranolol.>®
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Fig. 3 Digital fluorescence response mechanism of copolymer 1. (a) Relationship between the maximum emission wavelength (1) of copolymer 1
(average + s.d.) and pH at 50 °C in Britton—Robinson buffer solutions. The maximum emission wavelength can be converted to the local dielectric
constant at the DBD-AA unit's location (see the main text). (b) Chemical structure of DBD-IA. (c) Scheme of a PET-based fluorescent pH probe,
DBD-DMAEA, used for evaluating the polarity-dependent basicity of the tertiary amino group. (d) Relationship between the pK, for the conjugate
acid of DBD-DMAEA and the dielectric constant of the solvent. (e) A virtual shift in the fluorescence response curve, which copolymer 1 follows. This
shift represents the digitalization of the response, in which the pK, of the amino group (i.e., the receptor) in copolymer 1 depends on the pH during

operation.

Fig. 3e explains the sharp fluorescence responses of 1 to pH
variations. In an acidic solution (low pH), 1 is extended by pro-
tonated DMAPAM units, where local polarity is relatively high
near the copolymer, and the fluorescence response follows the
rightmost (blue) curve with a relatively high pK,. With increas-
ing pH, protonated DMAPAM units are gradually neutralized,
shrinking 1 and reducing the microenvironmental polarity
near it. The fluorescence response curve is shifted leftward
(purple line), accompanying a moderate pK,. In an alkaline
(high pH) solution, the basicity of the dimethylalkylamino
moiety in DMAPAM units further decreases because of the low
microenvironmental polarity, and the fluorescence response
curve shifts further left (red line). Thus, the digital fluo-
rescence response curve of 1 is produced by moving on these
shifting response curves with the pH-dependent pK, values of
proton receptors (I — II — III, Fig. 3e).

Modulation of the operational pH range and switching
direction of digital fluorescent polymeric pH probes

The elucidated operational mechanism of 1 enables the devel-
opment of digital fluorescent polymeric pH probes that
operate in various pH ranges by replacing DMAPAM units with
different proton-binding units. Copolymers 2-4 contain amino
moieties with different basicities: DEAPAM units in 2, MPAM
units in 3 and DMACAPAM units in 4 in the decreasing order
of basicity of an amino group (Fig. 4a-c). The pK, values
of conjugate acids of DEAPAM and MPAM in water are 10.3
and 7.0, respectively.’® Due to the electron-withdrawing
CH,COOMe group of DMACAPAM units, the pK, value of the
conjugated acid of DMACAPAM is further reduced.’” Fig. 4a—c

1984 | Analyst, 2026, 151,1978-1991

show the fluorescence responses of 2-4 to pH variations in
Britton-Robinson buffer solutions at the predetermined fixed
functional temperatures (Fig. S4a—c). Ideally, 2 (a = 4.15 + 0.59;
pK, = 9.13 + 0.04), 3 (a = 2.54 + 0.04; pK, = 6.16 = 0.03), and 4
(@ = 3.95 = 0.29; pK, = 3.03 = 0.01) displayed sharp digital
responses in different operational pH ranges, depending on
amino group basicity in proton-binding units.>® The tunable
operational pH range is a distinct advantage of our polymeric
design for digital fluorescent pH probes.

The fluorescence off-on switching direction can also be
reversed by replacing the proton-binding amino units in
digital fluorescent polymeric pH probes with carboxylic acids.
Copolymer 5 contains AA units as proton-releasing structures.
After evaluating its functional temperature range (Fig. S4d), 5
showed a sharp fluorescence response to pH variation (|a| =
4.29 + 0.38; pK, = 5.16 + 0.14) in Britton-Robinson buffer solu-
tions at 45 °C (Fig. 4d).>* Strong fluorescence appeared in the
low pH region (in this switching direction, a in eqn (9) is nega-
tive). In contrast to proton-binding amino units, AA units in 5
are less polar in a high-acidic pH range to take the shrinking
polymeric structure. Similar to the cause of the extreme sharp
fluorescence responses of 1, the polarity-dependent acidity of
the carboxylic group in AA units®® is likely a secret of the
digital-type fluorescence responses of 5.

Copolymer 6 with VBA units also displayed digital fluo-
rescence responses to pH variation (|a| = 5.58 + 0.98; pK, =
5.09 = 0.05) in Britton-Robinson buffer solutions at 20 °C
(Fig. 4e and S4e). These results indicate the generality of the
operational mechanism of digital fluorescent polymeric pH
probes with acidic or basic structures as proton-releasing or

This journal is © The Royal Society of Chemistry 2026
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Fig. 4 Modulation of the operational pH range and fluorescence
switching direction of digital fluorescent polymeric pH probes. (a—e)
Digital fluorescence responses of 2—6 (0.01 w/v%) to pH variations in
Britton—Robinson buffer solutions. The indicated chemical structure is
the proton-binding unit of each copolymer. Samples were excited at
450 nm. Temperatures were (a) 40 °C, (b) 50 °C, (c) 40 °C, (d) 45 °C and
(e) 20 °C.

receiving moieties. The fluorescence properties of copolymers
2-6 are summarized in Table 3.

Modulation of the operational temperature of digital
fluorescent polymeric pH probes

Next, we investigated the effect of thermoresponsive units on
the copolymer’s function to tune the operational temperature
range. We prepared copolymers 7 and 8, containing NNPAM
and NTBAM units (Fig. 5), respectively (Table 1). The phase
transition temperatures of NIPAM and NNPAM homopolymers
in water are 31 °C and 22 °C, respectively, while the NTBAM
homopolymer is too hydrophobic to dissolve in water, even at
0 °C.”° Fig. 6a and b display the detailed temperature-depen-
dent fluorescence intensity of 1 and 7 at pH 2 and 12, respect-
ively. The fluorescence enhancement factors of 1 and 7
(Fig. 6¢) indicate that the operational temperature range of 7 is
lower than that of 1. Despite changing the thermoresponsive
units, the digital behavior of the fluorescence response to pH
variation was maintained in 7 (@ = 2.78 + 0.39; pK, = 8.58 *
0.02) in Britton-Robinson buffer solutions at 37 °C (Fig. 6d).
This result suggests that 7 is more suitable for experiments

This journal is © The Royal Society of Chemistry 2026
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Fig. 6 Comparison of operational temperature ranges of 1 and 7 as
digital fluorescent polymeric pH probes. (a and b) Detailed relationships
between the fluorescence intensity of (a) 1 and (b) 7 (0.01 w/v%) and
temperature in Britton—Robinson buffer solutions at pH 12 (closed) and
2 (open). Samples were excited at 450 nm. (c) Fluorescence enhance-
ment factors of 1 (open) and 7 (closed). Using the data shown in panels
(a) and (b), the fluorescence intensity at pH 12 was divided by that at pH
2 at each temperature. (d) Digital fluorescence response of 7 (0.01 w/v%)
to pH variations during excitation at 450 nm in Britton—Robinson buffer
solutions at 37 °C.

with mammalian cells than 1 in terms of an operational temp-
erature range, although further tuning might be required for
the function in the physiological pH range. The fluorescence
properties of 7 are summarized in Table 3. However, the highly
hydrophobic NTBAM prevents 8 from adopting an open form,
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even at pH 2 (Fig. S5). Nevertheless, moderate fluorescence
switching can be observed by varying the pH from 2 to 12 at a
low temperature (5 °C). The phase transition temperature of a
thermoresponsive polymer can be more precisely tuned by
mixing two thermoresponsive units.”” Thus, the functional
temperature range of a digital fluorescent polymeric pH probe
can be arbitrarily tuned by choosing appropriate thermo-
responsive units.

Additional relations between the chemical structures of
components and the function of fluorescent copolymers

Apart from the fluorescent copolymers described herein, we
synthesized additional fluorescent copolymers comprising
various ratio of different units. Most of the experimental pro-
cedures and functional data of these copolymers are summar-
ized in the SI.

The effect of the unit ratio (thermoresponsive NIPAM unit :
proton-binding DMAPAM unit) in poly(NIPAM-co-DMAPAM-co-
DBD-AA) was investigated. 1 and copolymers S1-S6 were pre-
pared with different NIPAM : DMAPAM ratios in the feed solu-
tion (Table S3). The actual composition ratios of NIPAM and
DMAPAM units in S1-S6 were essentially the same as those of
the corresponding monomers in the feed. The temperature-
dependent fluorescence intensity of 1 and S1-S6 at pH 2 and
12 (Fig. 2a and S6) indicates that the optimized
NIPAM : DMAPAM ratio in the feed is 90:10, resulting in a
wide functional temperature range where significant fluo-
rescence enhancement is observed owing to pH variations.
This was also confirmed for poly(NIPAM-co-MPAM-co-DBD-AA)
by preparing S7 with an 80:20 NIPAM:MPAM ratio in the
feed and comparing its fluorescence response with 2 (Fig. 4b
and S7). Therefore, we fixed the monomer ratio in the feed for
thermoresponsive and proton-binding units as 90 : 10 herein.

Next, we investigated the effects of the length of a methyl-
ene chain of proton-binding units. Copolymers S8 and S9 com-
prising N-[2-(diethylamino)ethyl]acrylamide (DEAEAM) and N-
(2-morpholinoethyl)acrylamide (MEAM) units (Fig. 5) with
ethylene chains instead of propylene chains of DEAPAM and
MPAM units in 2 and 3, respectively, were prepared (Table S3).
The fluorescence responses of S8 and S9 (Fig. S8) are not sig-
nificantly different from those of 2 and 3, indicating that the
methylene chain length in pH-responsive units does not have
a remarkable effect on the function of digital fluorescent pH
probes.

Finally, for practical applications using digital fluorescent
PH probes, the limitations of our polymeric design were inves-
tigated. Copolymers S10 and S11 comprising APAM and N-{3-
[bis(2-hydroxyethyl)amino]propyl}acrylamide (HEAPAM) units
(Fig. 5), respectively, were prepared (Table S3). The fluo-
rescence responses of $10 and S11 (Fig. S9) indicated that they
failed to function as digital fluorescent polymeric pH probes.
S$10 exhibits heat-induced fluorescence enhancement, even at
pH 2, likely because of the insufficient hydrophilicity of the
protonated monoalkyl amino group in the APAM units. At a
selected temperature (40 °C), although moderate pH-depen-
dent fluorescence switching occurs, it was not as sharp as that

1986 | Analyst, 2026, 151,1978-1991

View Article Online

Analyst

of digital fluorescent pH probes (Fig. S9a; a = 0.82; pK, = 9.32).
Additionally, S11 did not exhibit a digital-type response (a =
0.99 + 0.03; pK, = 7.40 * 0.08), although fluorescence off-on
switching occurred by varying pH at 50 °C (Fig. S9b). The oper-
ational behavior of S11 is likely because of hydroxy groups in
HEAPAM units, which increase local hydrophilicity and
disable the operational mechanism of digital fluorescent poly-
meric pH probes.

Molecular logic operation using a digital fluorescent pH probe
in an aqueous solution and live cells

Considering that the developed digital fluorescent polymeric
pH probes have the sensing ability to temperature variation,
their function is utilized as a fluorescent logic gate,"”">° which
can simultaneously sense two or more chemical/physical
factors and distinguish complex environmental conditions.
The practical applications of molecular logic gates have been
extended to the molecular computational identification of
small objects®® and medical science (diagnostics® and
therapy®”®"). As an application of the as-prepared probe, an
intracellular logic operation using copolymer 9 (Fig. 7a) com-
prising thermoresponsive NIPAM, proton-binding MPAM and
fluorescent DBD-AA units was explored. Compared with 3 com-
prising identical units, 9 possessed substantially more DBD-AA
units for live-cell imaging via fluorescence microscopy.

The function of 9 as a fluorescent polymeric logic gate was
evaluated in Britton-Robinson buffer solutions under four
different pH and temperature conditions using a spectrofluo-
rometer (Fig. 7b) and a TCSPC fluorescence lifetime spectro-
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Fig. 7 AND logic operation using 9 in Britton—Robinson buffer solu-
tions. (@) Chemical structure of 9. (b and c) Fluorescence spectra (0.001
w/v%, excited at 450 nm) (b), and fluorescence decay curves (0.02
w/v%, excited at 456 nm and emission collected over 500 nm) (c) of 9
under four different pH and temperature conditions (I-1V, see Table 4).
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Table 4 Truth table and fluorescence properties of 9 in Britton—Robinson buffer solutions

Condition Input, (pH) Input, (T) Output (RFI, 77 Aem 2/mm @ k107 s71 kn/107 571
1 0(2) 0 (20 °C) 0(0.18, 2.7 ns) 604 0.046 1.7 35.3

I 1(12) 0(20°C) 0(0.19, 3.2 ns) 604 0.054 1.7 30.0

I 0(2) 1 (40 °C) 0 (0.19, 2.7 ns) 604 0.050 1.9 34.9

v 1(12) 1 (40 °C) 1 (1.0, 8.3 ns) 580 0.21 2.6 9.5

“ Average fluorescence lifetimes at Aen. Calculated using double-exponential components (Table S4) and eqn (7).

corrected.

meter (Fig. 7c): pH (input,) was set at 2 (low, input; = 0) or 12
(high, input; = 1), and the temperature (input,) was set at
20 °C (low, input, = 0) or 40 °C (high, input, = 1). A strong fluo-
rescence with long fluorescence decay occurs only when pH
and temperature are high. As summarized in a truth table
showing the input-output pattern (Table 4), the outputs of 9
(fluorescence intensity and lifetime) are switched on when
both inputs are high and switched off under the other con-
ditions. The response pattern of 9 corresponds to an AND
logic gate. Notably, the extremely sharp responses of 9 to pH
and temperature variations enable effective logic operations
because such distinguishable output states with slight
input differences are crucial for accurate performance,
especially in decision making in medical applications®* and
sequential input-output communication between multiple
molecules.®***

Finally, we used 9 to perform a logic operation inside live
cells. Although intracellular logic operation is an appealing
application of fluorescent logic gates, its realization has been
limited for a long time.®>®® Nevertheless, the number of
reports on intracellular logic operations has increased signifi-
cantly within the past five years,®””°® primarily because of their
importance, especially in medicine.®®”® Multiplex sensory
molecules that can simultaneously monitor multiple chemical/
physical parameters in different output modes®"”" are acceler-
ating this trend. The inputs (pH and temperature) of 9 are
endogenous chemical and physical parameters of live cells.
The fluorescent polymeric logic gate 9 was smoothly incorpor-
ated into live HeLa cells from a culture medium by treatment
at room temperature for 10 min. Cationizable MPAM units
facilitated the spontaneous entry of 9 into living cells through
the plasma membrane.”” After the incorporation, 9 remained
in the cytoplasm without leaking. To evaluate the logic oper-
ation of 9 in live cells, bright-field (BF) and fluorescence life-
time images of live HeLa cells with 9 were recorded under four
different pH (5.5 (low) and 8.0 (high)) and temperature (22 °C
(low) and 37 °C (high)) conditions (Fig. 8). In these cellular
experiments, intracellular pH and temperature were controlled
by nigericin-containing phosphate buffer solutions®' and a
stage heater, respectively. In live cell imaging, the exact intra-
cellular concentration of a fluorescent probe cannot be deter-
mined because the cell size varies. Therefore, probe concen-
tration-independent fluorescence lifetime is a more suitable
detection parameter than fluorescence intensity in fluo-
rescence cell imaging.”

This journal is © The Royal Society of Chemistry 2026
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Fig. 8 AND logic operation by copolymer 9 in living Hela cells. Bright-
field images (left), fluorescence lifetime images (excited at 470 nm and
emission collected between 500 and 700 nm) (middle) and histograms
of fluorescence lifetime in a representative cell (right) under four
different intracellular pH and temperature conditions (I-1V). 7 represents
the average of the histogram. Scale bars represent 20 pm.

Among four different conditions, an extended fluorescence
lifetime (>7 ns) was observed at high pH (8.0) and high temp-
erature (37 °C), as summarized in the truth table for 9 in HeLa
cells (Table 5). The three-dimensional structural change in 9 to
hydrophobic globules during the operation at high pH and
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Table 5 Truth table for 9 in living Hela cells

Condition Input, (pH) Input, (T) Output (77 %)

I 0 (5.5) 0 (22 °C) 0 (3.8 +0.16 ns)
i 1(8.0) 0 (22 °C) 0 (4.0 + 0.03 ns)
i 0 (5.5) 1(37°C) 0 (4.5 + 0.37 ns)
v 1(8.0) 1 (37 °C) 1(7.4 +0.12 ns)

“ Average fluorescence lifetime in a single cell. Average + s.d. for 3-8
cells.

temperature inside HeLa cells with high ionic strength was ver-
ified based on moderate aggregation of 9 (recognized as dots
in the fluorescence lifetime image in case IV; Fig. 8) and exten-
sion of the fluorescence lifetime. As confirmed in Fig. S10, the
AND function of 9 within cells was achieved through small
variations in intracellular pH and temperature. Thus, the
digital polymeric pH probe-based logic gate 9 is superior to
conventional small molecule-based AND logic gates because it
can produce a definite output response with slight input vari-
ations. Such efficient switching is a significant advantage of
our polymeric design of a fluorescent logic gate, which enables
solid molecular computation, even within biological milieus,
where environmental fluctuations are restricted. Our results
pave the way for the next stage of intracellular molecular com-
putation, where the intelligence of chemical logic operations is
combined with the elaborateness of biological fields to create
new science.

Conclusions

We designed fluorescent polymeric digital pH probes compris-
ing thermoresponsive, proton-binding, and environment-sen-
sitive fluorescent units. The ultimate response efficiency of
digital pH probes based on fluorescence switching achieved by
a slight difference in proton concentrations was enabled using
a polymeric design involving local hydrophobicity variation
during operation. Similar sharp responses were observed in
the hydrophobic effect-induced cooperativity of protein-ligand
complexation.”*” Thus, we assumed that macromolecules in
an aqueous solution could exploit the change in local hydro-
phobicity to acquire indispensable sensitivity and selectivity in
molecular recognition. However, their synthetic costs are sig-
nificantly higher than those for small molecules. As the next
steps for fluorescent digital probes, we will perform highly sen-
sitive pH monitoring of real samples (water and biological
cells) and extend the detection target to alkaline (Na® or K')
ions, exploiting the flexibility of polymeric design.
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