
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
M

ar
ch

 2
02

5.
 D

ow
nl

oa
de

d 
on

 1
/2

2/
20

26
 9

:3
3:

59
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Dynamic proton
Nano-Science Center & Department of

Universitetsparken 5, 2100 Copenhagen, De

† Electronic supplementary informa
https://doi.org/10.1039/d5sc00326a

‡ Contributed equally.

Cite this: Chem. Sci., 2025, 16, 7450

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 14th January 2025
Accepted 17th March 2025

DOI: 10.1039/d5sc00326a

rsc.li/chemical-science

7450 | Chem. Sci., 2025, 16, 7450–7
coupled electron transfer
quenching as a sensing modality in fluorescent
probes†

Rasmus K. Jakobsen, ‡ Stine G. Stenspil, ‡ Junsheng Chen
and Bo W. Laursen *

Fluorescent off–on probes based on a modular design where an analyte sensitive PET moiety is attached to

a fluorophore are extremely successful. Here we report a newmodular fluorescence probe design switched

by dynamic quenching due to proton coupled electron transfer (PCET) mediated by collision with weak

bases in solution. The fluorescence lifetime of this probe directly reports on the rate of deprotonation by

the weak bases in the solution. We investigate the probe design, mechanism of response, and sensitivity

to various abundant weak bases/metabolites including acetate, glutamate, phosphate, valine, and amines.

We find that this modular PCET based probe design, in contrast to traditional PET probes, can work

efficiently with a fluorescence lifetime readout providing a calibration free probe for weak bases. Upon

further development we envision such dynamic PCET probes as sensitive tools for studies of cellular

buffer systems and metabolite pools.
Introduction

Fluorescent probes with the ability to report on their local
environment and concentrations of various analytes are key
tools in biology and biomedical research.1–4 Consequently, the
development and further improvement of various probe designs
have become a fertile eld of research, where molecular pho-
tophysics and synthetic organic chemistry go hand in hand
providing rational design guidelines and means.6–11 One of the
most successful probe designs of all time is the off–on probes
based on photoinduced electron transfer (PET).12,13 For these
probes a uorophore is linked to a PET quencher moiety that
changes redox properties, and thus quenching efficiency, upon
binding of an analyte. Hundreds if not thousands of such off–on
PET probes have been reported and many are commercially
available and extensively used in biology, medicine and nano-
science. Prime examples are: the pH probe LysoSensor Blue (1)
and the calcium probe Rhod-2 (2), both shown in Fig. 1A.5,14,15 As
the PET quenching moiety does not require direct conjugation
with the uorophore, the design is highly modular, and the
uorophore and quencher/receptor can to a large degree be
optimized independently, which is a major reason for the
success of these PET probes.16–19
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The readout for PET probes is generally based on the uo-
rescence emitted from the fraction of probes that are bound to
analytes. These probes will display similar photophysical
properties to the chromophore scaffold without a quenching
moiety (Fig. 1B). Probes not bound to an analyte do not
contribute to the uorescence signal, since PET quenching is
much faster than the uorescence process. Consequently, the
readout of the probe only varies in uorescence intensity and
not in uorescence lifetime, thus corresponding to static
quenching.20 The uorescence intensity will be proportional to
the ground-state equilibrium between probes bound and not
bound to an analyte. While such turn-on of uorescence upon
analyte binding is excellent for qualitative or relative measure-
ments, this simple one-channel intensity readout is also
a drawback and makes quantitative measurements dependent
on the use of internal standards and/or comprehensive cali-
bration.20,21 PET quenching that instead takes place upon
collision of the freely diffusing analyte and the excited uo-
rophore results in a shortening of the observed uorescence
lifetime and a proportional loss of uorescence intensity
(dynamic quenching).20 Since the uorescence lifetime readout
fundamentally is independent of the concentration of the probe
it provides a simple and absolute measure of analyte concen-
tration.20,22 The advantageous effect of dynamic quenching and
uorescence lifetime readout is successfully demonstrated by
the quantitative imaging of Cl− ions in biological systems.23–26

However, this is a special case, only feasible due to the high
abundance and relatively low oxidation potential of Cl−,
allowing this analyte to act directly as the PET quencher without
binding to a PET active receptor unit.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Photoinduced electron transfer probes and mechanism. (A) 1 (LysoSensor Blue), a pH sensitive probe in which protonation of the two
morpholine side groups inhibits PET quenching of the anthracene unit. Adapted from de Silva et al.5 2 (Rhod-2), an example of a calcium sensitive
probe. Adapted from Minta et al.15 (B) Schematic representation of a molecular PET probe displaying fluorescence when bound to an analyte or
undergoing PET quenching when no analyte is bound.
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Here we demonstrate how a modular PET probe design with
a uorophore and a covalently linked PET quencher can be
utilized in the dynamic quenching regime, and via the uo-
rescence lifetime readout, report on biologically abundant
analytes such as glutamate and phosphates. The sensing
mechanism relies on the analytes' ability to be proton acceptors
in proton coupled electron transfer (PCET) quenching of the
excited uorophore.27,28

Results and discussion
General concept of the modular PCET probe

The investigated probe, the phenol substituted DiAzaOxa-
TriAngulenium (phenol-DAOTA, Fig. 2) has in the past been
used as a simple PET based off–on pH probe rationalized
according to the general PET probemodel with static quenching
shown in Fig. 1B (X = H+).29 However, we became aware of
Fig. 2 Schematic representation of the PCET process for phenol-
DAOTA. Molecular structures of the probe in its acidic and basic forms.
In the excited state a basic analyte, B:, can deprotonate the fluo-
rophore, which leads to fast electron transfer and formation of a PET
state, thus quenching the fluorescence.

© 2025 The Author(s). Published by the Royal Society of Chemistry
unexpected deviations in the observed uorescence lifetime as
a function of the applied buffer, which led us to the present
study and proposal of a new probe design principle based on
dynamic PCET quenching. The function and response of the
PCET probe is described by the state diagram in Fig. 2. The key
difference between this PCET probe and traditional PET probes
is that the response of the PCET probe relies on dynamic
quenching of the excited protonated probe (phenol-DAOTA)
and not on the ground state equilibrium with the deproto-
nated form (phenolate-DAOTA).

For the PCET probe quenching occurs by a diffusion
controlled deprotonation of the phenol group by a basic analyte
(B:) and transfer of an electron from the phenol/phenolate to
the excited DAOTA leading to the formation of the dark PET
state. This PCET quenching can either take place stepwise by
proton transfer (PT) followed by electron transfer (ET) or by
a concerted proton electron transfer (CPET) process (high-
lighted as the blue colored processes in Fig. 2). Regardless of the
mechanism, the quenching rate (kq) will depend on the
concentration of the base assisting the PCET process; kq =

kPCET[B:]. This dynamic quenching process leads to a reduction
of the observed uorescence lifetime of the probe, proportional
to the quenching rate constant (kq) and thus the concentration
of the analyte/base. This opens up the possibility to determine
analyte abundance from one simple uorescence lifetime
measurement independent of probe concentration.
Mapping out the operational principles of the PCET probe

In a rst step towards understanding the analyte response and
photophysical properties of the phenol-DAOTA probe the
absorption and uorescence were studied as a function of pH
(Fig. 3A). The absorption spectra of the phenol-DAOTA show
moderate but clear changes as a function of pH with lmax red
shiing from 557 nm to 560 nmwhen going from acidic to basic
solution when the phenolate is formed. The shi in the
absorption spectra follows perfectly an acid–base Bjerrum plot
with a pKa = 8.9 (Fig. 3B, black line), irrespective of the applied
buffer and salt concentrations (Table S1†). The uorescence
Chem. Sci., 2025, 16, 7450–7458 | 7451
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Fig. 3 pH response of phenol-DAOTA in acetate buffer. (A) Absorption
and emission spectra of phenol-DAOTA (5 mM) in aqueous solution
with 100 mM acetate buffer as a function of pH, from pH = 1 (red) to
pH = 12 (black). (B) Black points: absorption at 580 nm. Fluorescence
intensity as a function of pH in pure water (blue points) and 100 mM
acetate buffer (red points). The full red line is a theoretical Bjerrum
curve based on the pKa values of acetic acid and the probe, and the
measured fractional drop in the fluorescence lifetime. (C) Fluores-
cence lifetime (s) fitted monoexponentially as a function of pH for
phenol-DAOTA in 100 mM acetate buffer (red), pure water (blue), and
for anisole-DAOTA in acetate buffer (dark red circles). The full line
represents a theoretical Henderson–Hasselbalch function.
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intensity decreases drastically as pH is increased, with the
solutions above pH z 10 being practically non-uorescent
(Fig. 3A). All solutions show identical uorescence emission
7452 | Chem. Sci., 2025, 16, 7450–7458
spectra, only varying in intensity (Fig. S1†), in agreement with
emission only stemming from the phenol form. However,
quantitative analysis of uorescence intensity as a function of
pH shows very clear variations as a function of the buffer
composition (Fig. 3B). In pure water, with no buffer present, the
uorescence intensity follows the changes in absorption spectra
as expected for a ground state equilibrium between the uo-
rescent phenol form and the fully quenched phenolate form
(blue points).

This follows the classical PET probe model shown in Fig. 1
and the PCET model in Fig. 2 when [B:] = 0 (and hence kq = 0).
In buffered solutions the uorescence intensity however
displays an additional decrease at pH z pKa of the buffer. For
a 100 mM acetate buffer this results in a more complex uo-
rescence intensity response shown as the red points in Fig. 3B,
signicantly deviating from the response expected from the
classical PET model and that observed in pure water (blue
points). Investigation of the uorescence lifetime (s) as a func-
tion of pH shows similar buffer dependence, as shown in
Fig. 3C.

In the acetate buffer solution s = 14.0 ns at low pH, but
decreases to s= 12.0 ns at higher pH, the decays measured at all
pH values were monoexponential (ESI §12†). According to the
proposed PCET probe model (Fig. 2) this decrease in s arises
from collision of the excited probe with a base (B:), which is able
to assist in the deprotonation of the phenol and thus the overall
PCET process, leading to uorescence quenching due to the
formation of the PET state of the phenolate. The change in s is
proportional to the increased concentration of acetate ions (pKa

= 4.76), which in this case is the base assisting the PCET
process. According to the PCETmodel, the observed 14.5% drop
in s should be accompanied by a similar drop in uorescence
intensity. This is indeed conrmed when comparing the
measured uorescence intensity (red points in Fig. 3B) with
a theoretical Henderson–Hasselbalch curve for the system
based on a 14.0% quenching from a base with pKa = 4.76 and
a full quenching from the ground-state deprotonation of the
probe with pKa = 8.90, as shown by the red line (see ESI §4† for
details). In agreement with the PCET model s is unchanged in
pure water (Fig. 3C, blue points), except for a small decrease in
the most basic solutions corresponding to dynamic quenching
from hydroxide ions (Fig. S2†). To exclude the possibility that
any of the changes in uorescence properties are due to direct
interactions with the DAOTA uorophore we also studied
anisole-DAOTA, where the phenol group has been methylated
and thus cannot take part in proton transfer processes. As ex-
pected, anisole-DAOTA showed no changes in uorescence
intensity or lifetime (Fig. 3C, S3 and Table S2†) as a function of
buffer or pH. Importantly, anisole-DAOTA displays the same
uorescence lifetime as phenol-DAOTA in pure water (s0),
proving that water does not act as a base (proton acceptor) in
the PCET process. According to our proposed model (Fig. 2) the
observed s, in the presence of bases, can thus easily be con-
verted to a quenching rate constant (kq), which directly reects
the rate of base assisted PCET experienced by the excited probe
(kPCET[B:]), as described by eqn (1).
© 2025 The Author(s). Published by the Royal Society of Chemistry
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kq ¼ kPCET½B: � ¼ 1

s
� 1

s0
(1)

An important feature of both the dynamic PCET and the
traditional PET sensing modalities is the very fast formation of
the non-emissive PET state from the excited phenolate form,
since this makes the base assisted excited state proton transfer
irreversible and explains why no emission is observed from the
excited phenolate. The formation of the PET state from the
deprotonated probe was therefore investigated by femtosecond
transient absorption spectroscopy (details in ESI §3†). Femto-
second transient absorption spectra of the phenolate-DAOTA
showed two characteristic signals.

The rst is an excited state absorption (ESA) at 400 nm (black
data points in Fig. 4). The ESA signal has a rise time corre-
sponding to the instrument response function (IRF) (z100 fs)
and an additional component of 0.4 ps (highlighted in pink)
and decay with a 1 ps time constant. The second feature
observed is a ground state bleach (GSB) of the rst DAOTA
absorption band at 580 nm with a rise time identical to the
instrument response function (IRF) (z100 fs), and a decay of
1.2 ps (red data). From this we deduce that the excited state of
the phenolate form only has a lifetime of 0.4 ps before con-
verting to the PET state, which itself has a short lifetime of 1 ps
before returning non-radiatively (by back electron transfer) to
the ground state. Transient absorption spectra of the proton-
ated form support this interpretation with ESA and GSB signals
rising with the 100 fs response time of the instrument and not
decaying on the ps time scales (in agreement with the 14 ns
lifetime measured from the uorescence decay). Femtosecond
transient absorption spectra of phenolate- and phenol-DAOTA
are shown in Fig. S4 and S5.† Very fast formation of the PET
state from the excited phenolate-DAOTA is observed in the
femtosecond transient absorption measurements and conrms
that base assisted proton transfer from phenol-DAOTA in the
Fig. 4 Femtosecond transient absorption kinetic analysis of pheno-
late-DAOTA. ESA (400 nm) (black circles), GSB (580 nm) (red circles),
and IRF (blue dots). ESA is fitted with the IRF, a second rise component
of 0.4 ps (highlighted in pink), and a fixed decay of 1 ps. The GSB is
fitted with the IRF and a decay of 1.2 ps.

© 2025 The Author(s). Published by the Royal Society of Chemistry
excited state will be irreversible, thus supporting the PCET
model (Fig. 2).
Response to various analytes

The elementary operation of the dynamic PCET probe, phenol-
DAOTA, has now been established above. We therefore inves-
tigate how the probe responds to different analytes and thereby
gain more insight into the mechanism of action and potential
applications of the probe.

As the operation of the PCET probe relies on a diffusion
controlled interaction with basic molecules, the most obvious
analytes in biological systems are the abundant metabolites
making up cellular buffer systems. Cellular systems contain
complex mixtures of hundreds of small molecule metabolites,
reaching a total concentration of approximately 300 mM.30

This metabolite pool is dominated by weak bases such as
glutamate and organic phosphates reaching concentrations of
∼100 mM and ∼50 mM respectively. Also, inorganic phosphate
is abundant inside cells reaching concentrations of ∼50 mM.
With this in mind, we investigated the response of the phenol-
DAOTA probe in a series of bases covering a range of pKa values.
The probe response was investigated in solutions of acetate,
formate, valine, glutamate, phosphate, glucose-6-phosphate,
and ethanolamine where the concentrations of the individual
bases were varied by adjusting the pH.

For a 100 mM glutamate solution the uorescence lifetime
response as a function of pH is shown in Fig. 5. At low pH s= 14
ns, identical to the lifetime for pure water solutions, showing
that the fully protonated glutamic acid (Glu+) is not facilitating
the PCET quenching. At pH = 3 where the solution contains
z100 mM Glu0, the measured uorescence lifetime has only
dropped z0.5% making it clear that Glu0 has very little impact
on the probe and that this is on the limit of detection. However,
clear drops in uorescence lifetime are observed at pH values
equal to the second and third pKa values proving that both Glu−

and Glu2− indeed promote the PCET quenching, with Glu2−

being more efficient than Glu−. As seen for acetate the
Fig. 5 Fluorescence lifetime response of phenol-DAOTA in glutamate
buffer. Fluorescence lifetime of the phenol-DAOTA as a function of pH
for a 100 mM solution of glutamic acid. The solid line represents
a theoretical Henderson–Hasselbalch function based on the pKa
values of glutamic acid with only the fractional drop in s as a fitting
parameter.

Chem. Sci., 2025, 16, 7450–7458 | 7453
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fractional drop in s for glutamate is in all cases followed by
a corresponding drop in uorescence intensity in full agree-
ment with the PCET model (Fig. S8†). For all the investigated
bases, we found perfect correspondence between the changes in
the uorescence lifetime of the probe and their reported pKa

values. Quantitative correlation between the change in uores-
cence intensity and the observed fractional drop in uorescence
lifetime was also observed (Fig. S6 to S14†). Stronger bases most
efficiently promote the PCET quenching. This is clearly seen
when the uorescence lifetime as a function of concentration of
each base is displayed in a Stern–Volmer plot, as shown for
selected bases in Fig. 6 (plots for all bases are shown in Fig. S15–
S23†). The concentrations of each base are calculated based on
the pKa of their corresponding acid, pH in the solution, and the
total buffer concentration. The perfect straight lines of these
plots conrm that each base acts as a dynamic quencher
according to the classical Stern–Volmer equation (reorganized
from eqn (1)):

s0

s
¼ 1þ s0kPCET½B: � (2)

For hydrogenphosphate the Stern–Volmer plot shows
a signicant upward curvature at concentrations above 40 mM
(shown in Fig. S20†), indicating a departure from an ideal
solution caused by electrostatic attraction between the cationic
probe and dianionic base (HPO4

2−), leading to a local increase
of the base concentration around the probe. This effect arising
for oppositely charged uorophores and quenchers is predicted
by the Debye–Hückel theory and has been reported previ-
ously.31,32 In agreement with this explanation, increased ionic
strength suppresses this effect and reinstates linear Stern–
Volmer plots. We demonstrate this by addition of NaCl (150
mM) as shown in Fig. S24.†

To demonstrate the potential of the phenol-DAOTA probe in
more complex buffer/metabolite systems, lifetime
Fig. 6 Stern–Volmer plots for selected bases. Stern–Volmer analysis
of quenching rates as a function of concentration of various bases.
Data for H2PO4

− and HPO4
2− obtained in the presence of 150 mM

NaCl.

7454 | Chem. Sci., 2025, 16, 7450–7458
measurements in a mixed system of acetate and phosphate
showed very good correlation with expected lifetimes based on
the kPCET rates established for the individual bases (see ESI
§10†).

Measurements of the PCET quenching of phenol-DAOTA in
a 100 mM glutamate dissolved in D2O display PCET rates 2–3
times lower than in H2O (ESI §9†). This kinetic isotope effect
conrms that proton transfer is indeed involved in the rate-
determining step of the quenching as expected from our
model for PCET in this system (Fig. 2).27

As expected, the rate of PCET (kPCET) derived from the slopes
of the Stern–Volmer plots increases with the base strength of
the proton acceptors as shown in Fig. 7.27,33,34 Here log(kPCET) is
plotted as a function of DpKa, which represents the difference
between the pKa of the conjugated acid of the proton acceptor
(BH) and the proton donor (phenol-DAOTA). The plot reveals
several interesting features of the base promoted quenching
process. Firstly, the rate of PCET reaches a plateau at kPCET z
108.5 M−1 s−1 for the stronger bases (DpKa > −2) with the
exception of hydroxide, which reaches the expected diffusion
limit around 1010 M−1 s−1. This behavior is quite similar to
ground state deprotonation of phenol itself (indicated by the
gray line), when taking the larger size and thus slower diffusion
of phenol-DAOTA into account, as shown in the diffusion cor-
rected plot in Fig. S25 (ESI §6†).35,36

Secondly, phenol-DAOTA shows a higher sensitivity for
weaker bases than phenol itself by∼3 DpKa units, as seen by the
horizontal shi of the full black vs. gray line. For the diffusion
corrected values, this offset is close to 4 pKa units (Fig. S25†).
This suggests that phenol-DAOTA is a stronger acid in the
excited state (pK*

a z 5) than in its ground state (pKa = 8.9). The
minute shi in the absorption spectra of phenol-DAOTA
(Fig. 3A) upon deprotonation shows that the excited state
Fig. 7 Rate of PCET as a function of the base strength of the quencher.
Log(kPCET) as a function of DpKa from the base strength of the
quencher (given as pKa of the corresponding acid, BH) relative to the
pKa of the proton donor. Data points for phenol-DAOTA quenching in
blue, the black line is a guide to the eye. The gray line shows literature
valuesmeasured of the ground state deprotonation rate of phenol (see
ESI §6† for details).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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acidity does not originate from stabilization of the phenolate
form itself37 but must be a result of a concerted proton electron
transfer (CPET) directly to the low energy PET state that is more
favorable than the sequential PCET transfer.27,38 Thus, the
additional driving force for proton transfer comes from
formation of the low energy PET state (Fig. 2). From a sensor
point of view, this enhanced sensitivity to weak bases is highly
advantageous since the ground state pKa of 8.9 allows the probe
to be fully protonated (and thus emissive) at all biologically
relevant pH values while still being sensitive to (quenched by)
relevant weak bases/metabolites. The sensitivity of the phenol-
DAOTA probe for determining concentrations of bases in the
various buffer solutions can be estimated from the Stern–
Volmer equation (eqn (2)) and the accuracy of the uorescence
lifetime measurements. The minimum analyte concentration
that is measurable by the phenol-DAOTA probe is 38 mM for
formic acid, while acetate and phosphate can be detected at
concentrations as low as 6 mM and 2 mM respectively (see ESI
§7 and §8† for details on experimental reproducibility and
detection limits). These detection limits may not seem
impressive compared to PET probes binding to analyte with
high affinity receptors in their ground state (like the calcium
probe 2 in Fig. 1), however they are actually in the relevant range
for the abundant and important metabolites we have tested
here.30 In the tested buffer systems the uorescence lifetimes
(and intensities) are quenched by ∼4–50% (Table S4†). This
range is close to ideal as this leaves sufficient signal to obtain
reliable lifetime measurements, in contrast to 80–100%
quenching where little to no signal is measurable resulting in
large errors in lifetime values. The long uorescence lifetime of
the DAOTA uorophore furthermore allows for time-gated
measurements, eliminating interference from other uores-
cent dyes and autouorescence in biological samples.39,40 We
demonstrate this by reproducing the probe lifetimes in a phos-
phate buffer in the presence of a cyanine uorophore providing
an overlapping uorescence signal accounting for up to z25%
of the total intensity (see ESI §11†). We thus envision that
dynamic PCET probes, like phenol-DAOTA, can be developed
into general tools for investigating complex biological buffer
systems and changes in metabolite pools, even in the presence
of overlapping scattering and autouorescence.
Development of modular PCET probes

Detection of changes in metabolite concentrations by uores-
cent probes sensitive to proton transfer, akin to phenol-DAOTA,
is not an established sensing modality. However, some exam-
ples of probes responsive to weak bases, such as phosphate and
acetate, via proton transfer have been reported earlier. These
probes are however not modular and have the active proton
acceptor/donor group integrated with the chromophore core.
Among these are several xanthene based dyes reported by Cro-
vetto and co-workers, where excited state proton transfer alters
the uorescence properties in response to weak bases like, e.g.,
acetate or inorganic phosphate.41–44 The Gryczynski group
studied proton transfer to a carboxylated pyrene assisted by
weak acids, including acetic and lactic acids.34 Common for
© 2025 The Author(s). Published by the Royal Society of Chemistry
these systems is however that both the protonated and depro-
tonated forms are uorescent and have different spectra,
quantum yields and radiative rates, which complicate the data
analysis signicantly. With both the protonated and deproto-
nated forms having signicant excited state lifetimes both
protonation and deprotonation rates also have to be included in
the analysis and the uorescence decays may have to be
analyzed by multi-exponential models with much increased
uncertainty. Dynamic (diffusional) PCET quenching of the u-
orophore by solvents and weak acids/bases has also been
studied for several systems to investigate the energetics and
mechanisms of the PCET process.27,45

Dynamic PCET probes cannot be expected to be selective for
any specic analyte in a complex system, but will provide
a response that is the sum of contributions from each base,
weighted by its concentration and kPCET, as we showed for the
acetate/phosphate mixture (ESI §10†). In cases where one ana-
lyte is all dominating it may be possible to extract its concen-
tration, as in the case for Cl− sensing in cellular systems by PET
probes.25 While the PCET probes in most cases will not provide
a measure on one specic analyte/metabolite, we envision that
the cumulative response of dynamic PCET probes will provide
a new general descriptor of a buffer system. In conjunction with
the pH value, this may provide new insights on the state of, or
changes to, cellular buffer systems. For instance, it has been
speculated that cells may have differential local buffers to
support various biochemical processes.46 PCET probes could
map out spatiotemporal variations in metabolite/buffer
composition and/or concentration to elucidate such ques-
tions. Likewise, PCET probes may help us understand how
different buffers and anions inuence other probes and
biomolecules.47,48

For the development of PCET probes, we can consider the
optimal properties of such probes. The probes should full the
following design criteria: (1) have only one emitting state, for
which the uorescence lifetime is proportional to the rate of
PCET quenching induced by collision with the analytes (eqn (1)
and Fig. 2). (2) The probe should not be quenched by water, as is
the case for many photoacids.49 (3) The probe should be fully
ON at physiologically relevant pH values and still be effectively
quenched by most relevant metabolites/bases. (4) Long excited
state lifetimes (s0) will increase sensitivity (eqn (2)). For
example, the 14 ns lifetime of the DAOTA uorophore50,51 in
water enhances its sensitivity to diffusion limited quenching by
a factor of 3 or more compared to most uorophores with life-
times below 4 ns. The long uorescence lifetime also allows the
use of time-gated detection to eliminate the interference from
autouorescence.40,52–54 (5) The modularity of the probe will
allow for tuning properties of the dye component somewhat
independent of the quencher group. For example, the pKa of the
quencher can easily be tuned by substitution,17,18,27 while
decreasing the reduction potential of the dye will increase the
PCET driving force, even to the point where water will facilitate
quenching.55 (6) Finally, uorescence lifetime (s0) and spectra of
the uorophore should be insensitive to salt and buffer varia-
tions, as is the case for phenol-DAOTA (Tables S1 and S4†).
Chem. Sci., 2025, 16, 7450–7458 | 7455
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All of the above listed properties are fullled by the phenol-
DAOTA. However, for use in cells and other complex biological
systems we will need further improvements of phenol-DAOTA.
This includes introducing reactive functionalities so the
probes can be conjugated to dextrans or other carrier biomol-
ecules in order to enhance their water solubility,56 avoid unde-
sired localization and control the probe distribution in complex
biological systems.57–59
Conclusions

In this work, we have investigated the dynamic quenching of
phenol-DAOTA assisted by weak bases. We have found that the
quenching is directly proportional to the concentration of the
bases and their base strength relative to the probe (DpKa) as
expected for the acid–base reaction. The high sensitivity to even
weak bases suggests that the quenching is driven by direct
formation of the PET state via a concerted PCET process. The
efficient PCET process and the long excited state lifetime of
DAOTA makes the probe sensitive to mM concentrations of
important metabolites such as glutamate and organic phos-
phates, while the simple measurements of single uorescence
lifetimes reduce complicated analysis signicantly. We suggest
that phenol-DAOTA constitutes a new modular probe design,
where dynamic PCET quenching may be used to investigate the
composition of or spatiotemporal changes to complex buffer
systems, e.g., in live cells. We further discuss the optimal
properties and further development of such probes.
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