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ABSTRACT: Regulation of physiological pH is integral for proper
whole body and cellular function, and disruptions in pH
homeostasis can be both a cause and effect of disease. In light of
this, many methods have been developed to monitor pH in cells
and animals. In this study, we report a chemiluminescence
resonance energy transfer (CRET) probe Ratio-pHCL-1,
composed of an acrylamide 1,2-dioxetane chemiluminescent
scaffold with an appended pH-sensitive carbofluorescein fluoro-
phore. The probe provides an accurate measurement of pH
between 6.8 and 8.4, making it a viable tool for measuring pH in
biological systems. Further, its ratiometric output is independent of
confounding variables. Quantification of pH can be accomplished
using both common luminescence spectroscopy and advanced optical imaging methods. Using an IVIS Spectrum, pH can be
measured through tissue with Ratio-pHCL-1, which is shown in vitro and calibrated in sacrificed mouse models. Intraperitoneal
injections of Ratio-pHCL-1 into live mice show high photon outputs and consistent increases in the flux ratio when measured at pH
6, 7, and 8.

KEYWORDS: chemiluminescence, 1,2 dioxetanes, CRET, in vivo imaging, pH imaging, ratiometric

Regulation of physiological pH is an important factor for
maintaining homeostasis. Whole body pH is regulated

through numerous methods, including renal control of
bicarbonate storage,1 ammonia excretion,2,3 CO2 respiration,

4

and excretion of nonvolatile acids obtained from the diet.3

These processes are controlled at a subcellular level through
active transport by H+-ATPase, passive transport by Na+/
HCO3

− coporters,5,6 and Cl−/HCO3
− and Na+/H+ anti-

porters.7 Deviations in pH homeostasis can have major
implications on cellular and whole body function and can be
both a cause and effect of disease states. For example,
untreated type 1 diabetes can result in ketoacidosis (a lowering
of blood pH from overproduction of ketone bodies in β-
oxidation of fatty acids) because of insulin deficiency.8

Diseases associated with chronic inflammation display
decreased pH levels and are positively correlated with
increased cancer risk.9 Extracellular pH is also altered in
malignant tumors, as cancer cells generate excess lactate
because of increased rates of glycolysis, even in the presence of
sufficient O2 needed for aerobic oxidation.10 Because of their
highly heterogenous microenvironments, tumors often display
“hot spots” of increased acidity.11 The ability to accurately
quantify pH in a preclinical and clinical setting is critical to
understand its impact on human health.

Current clinically relevant methods to measure pH include
magnetic resonance imaging (MRI) techniques such as intra
and extracellular 31P MRI,12 chemical exchange saturation
transfer (CEST) MRI,13−15 and other infused reporter
molecules, notably 19F-based agents, which can provide a
large chemical shift range but often suffer from poor signal to
noise.16 These methods, however, can be time consuming and
often require extensive training and expertise. Preclinical
techniques for pH detection offer a more cost-effective
approach to study pH in a laboratory setting. Insertion of
pH microelectrodes has been used for preclinical measurement
of pH in tumors17,18 but is invasive and may disturb tumor
physiology. Optical imaging using luminescent pH reporters
has been extensively developed in recent years,19−23 however,
these compounds can be challenging to apply in vivo because of
changes in luminescence intensity through tissue, hampering
the ability to acquire accurate measurements. Ratiometric
imaging agents circumvent this issue by providing an internal
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reference, and this technology has been utilized in GFP,24

luciferase,25 quantum dot,26,27 and nanoparticle-based28−30

agents for pH. However, no small-molecule 1,2-dioxetane
ratiometric chemiluminescence agents for pH imaging have
been made for in vivo application.
Chemiluminescence is light generation through an exother-

mic chemical reaction and is achieved through the breaking of
chemical bonds. Specifically, 1,2-dioxetane compounds have
garnered interest in this area because of their innate ability for
triggered chemiluminescence emission via chemically initiated
electron exchange luminescence (CIEEL).31,32 This technol-
ogy has been employed for imaging analytes by protecting the
chemiluminophore with an analyte-selective trigger.33 Upon
deprotection of the dioxetane by the analyte, it will undergo
CIEEL and luminesce. This strategy has been employed for
detection of various analytes including hypoxia,34−36 hydrogen
sulfide,37 peroxynitrite,38 nitroxyl,39 cathepsin B,40 β-galacto-
sidase,41,42 formaldehyde,43 and others.44−52 Chemilumines-
cence provides many advantages compared to other optical
methods in vivo by providing its own light source, thus
attenuating autofluorescence and light scattering effects.53

Chemiluminescent probes have also been shown to achieve
much higher fold turn-on than comparable fluorophores.39

Furthermore, they do not require expression of an enzyme for
use, making them valuable standalone optical imaging tools as
opposed to bioluminescence methods for monitoring pH.25

A major need for both chemiluminescence and fluorescence
in vivo imaging is the development of luminophores with high
quantum yields and red-shifted emission. Fluorophore
development has flourished in this area, particularly with
modifications to BODIPY,54−57 xanthene,58−63 and cya-
nine64−66 cores. However, red-shifting emission of 1,2-
dioxetane chemiluminescent compounds has been difficult.
Arguably, the largest breakthrough in this area in recent years
was the development of acryl-substituted phenoxy dioxetanes
that greatly increased quantum yield and shifted emission to
near 530 nm.67 A dicyanomethylchromone-substituted scaffold
has also been reported, providing the first 1,2-dioxetane to
emit in the near-infrared (NIR) region68 and has been
successfully implemented in the detection of formaldehyde43

and β-galactosidase.42 One strategy to obtain bathochromic
emission is by pairing donor and acceptor luminophores
through resonance energy transfer mechanisms. Fluorescence
resonance energy transfer (FRET) pairs have been rigorously
vetted and are often used to detect macromolecular
interactions in biochemical applications.69 FRET also allows
for fluorophores to be paired to dyes with sensing capabilities,
thus providing ratiometric detection of analytes with the FRET
pair.70−73 It is currently known that 1,2-dioxetanes exhibit

energy transfer capabilities,50,74,75 but to our knowledge, no
single-molecule 1,2-dioxetane ratiometric chemiluminescent
probes for imaging pH have been developed. Here, we report
the first single-molecule ratiometric chemiluminescence
resonance energy transfer (CRET) sensor for pH imaging in
living systems (Scheme 1).

■ EXPERIMENTAL SECTION
In Vitro Calibration of Ratio-pHCL-1. Chemiluminescent

emission spectra were acquired using a Hitachi F-7000 fluorescence
spectrophotometer via the luminescence detection module and
scanning luminescence emission from 400 to 900 nm in response
to exposure of Ratio-pHCL-1 to pH buffered solutions. A solution of
20 μM Ratio-pHCL-1 in DMSO was added to a solution of 100 mM
Tris, PBS, or carbonate buffers ranging from pH 6.81−8.42. For
concentration dependence, 10, 20, and 40 μM Ratio-pHCL-1 in 5%
DMSO were subjected to 100 mM PBS buffered to pH 6.81, 7.45, and
8.02, respectively. For time dependence, 20 μM Ratio-pHCL-1 in 5%
DMSO was subjected to 100 mM PBS buffered to pH 6.81, 7.45, and
8.02, and the chemiluminescence emission spectra were measured at t
= 0, 10, 20, and 30 min. For DMSO dependence, 20 μM Ratio-
pHCL-1 in a final concentration of 1, 5, or 10% DMSO was subjected
to 100 mM PBS buffered to pH 6.81, 7.45, or 8.02. Each experiment
was independently conducted three times at ambient temperature,
and analysis of each experiment was conducted by dividing emission
intensity values at 580 nm by emission intensity values at 530 nm
from the emission plot.

Ratio-pHCL-1 Kinetics. Kinetics data were acquired using a
Biotek Cytation 5 plate reader using the luminescence detection
mode, end-point read type. The temperature was set at 37 °C under
an ambient atmosphere. The gain was set at 135, and the read height
was set at 4.5 mm. In a 96-well plate, 1.0 μL of 0.25 mM Ratio-
pHCL-1 was added to wells containing a solution of 237.5 μL 100
mM PBS (pH = 7.45) and 11.5 μL DMSO for a final concentration of
1.0 μM Ratio-pHCL-1, 5% DMSO. The plate was immediately placed
into the plate reader and allowed to stir for 1 min. Luminescence
readings were acquired every 2 min for 50 min.

Ratiometric pH Imaging. Chemiluminescence images were
acquired with an IVIS Spectrum (Perkin Elmer, Waltham, MA)
using the “Luminescent” and “Photograph” mode. For in vitro 96-well
plate measurements, the exposure time was set as 0.5 s, binning was
set to medium, F/stop was set as 4, FOV was set as C (12.9 cm),
excitation was blocked, and the sequence was set for the emission
mode, and images were acquired sequentially first using a 580 nm
bandpass filter and then a 540 nm bandpass filter. A final
concentration of 1 μM Ratio-pHCL-1 was added to 100 mM buffer
ranging from pH 6.81−8.42. All images were analyzed using Living
Image software. Image analysis was carried out by setting individual
ROIs to each well for both 580 and 540 nm filter images. ROIs were
then measured, which gave a total flux (p/s) for each ROI, and the
flux value at 580 nm was divided by the flux at 540 nm for each well.
For sacrificed mouse imaging, 950 μL of 1.0 M PBS (pH 5.99−7.99)
was injected into the peritoneal cavity of recently sacrificed CL6B57

Scheme 1. Design and Mechanism of Ratio-pHCL-1
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mice aged 6−12 weeks old, and then, 50 μL of 400 μM Ratio-pHCL-
1 in DMSO was injected shortly after to achieve an approximate final
concentration of 20 μM Ratio-pHCL-1 with 5% DMSO. For live
mouse imaging, 475 μL of freshly prepared 20 μM Ratio-pHCL-1
dissolved in 1.0 M PBS (pH 5.99−7.99, 5% DMSO) was directly
injected into the peritoneal cavity of male BALB-C mice aged to 4.5
months. The mice were imaged immediately after injection of the
solution with 580 and 540 nm filters with capture setting set to
autoexposure and FOV set to C (12.9 cm).

■ RESULTS

In previous work, we demonstrated ratiometric quantification
of pH in vitro using the light emission from 1,2-dioxetane
chemiluminophores.75 These studies, however, required the
addition of the pH-sensitive dye seminaptharhodafluor
(SNARF) coupled with the addition of a chemiluminescence
enhancer solution and were not viable for in vivo application.
We sought a molecule with increased chemiluminescence
quantum yields, red-shifted emission, and a pH-sensitive
fluorophore directly conjugated to the dioxetane scaffold for
increased energy transfer efficiency and ease of use. Inspired by
previously reported pH-sensitive carbofluoresceins with
fluorescence emissions near 580 nm that interconvert between
an open, fluorescent form at high pH and a colorless,
nonfluorescent closed form under acidic conditions,58 we
postulated that conjugation of this fluorophore to the
dioxetane scaffold could provide a ratiometric measure of pH
(Scheme 1).
Synthesis of Ratio-pHCL-1 began with the synthesis of tert-

butyl-dimethylsilyl ether (TBS)-protected anthrone 1 from
reported literature procedures (Scheme 2).58 Because of
difficulties in conjugation of the top segment of the
fluorophore to 1 using reported Grignard metathesis to form
the carbofluorescein unit, we decided to explore alternative
methods. It has been shown that iodo compounds react faster
than their bromo counterparts during lithium halogen
exchange,76 so we proceeded to synthesize 2-iodo-tert-butyl-
isophthalate 2 from commercially available 2-aminoisophthalic
acid.77 TBS-protected carbofluorescein 3 was successfully
formed in 35% yield by premixing 1 and 2, purging the
mixture three times under vacuum, addition of dry THF, and
then addition of 1 equivalent of n-BuLi at 0 °C. This protocol

proved to be general and could be used for preparing other
xanthene scaffolds, including silicon rhodamines (Scheme S1).
We postulate that the faster rate of lithium−iodine exchange
compared to nucleophilic addition of n-BuLi to the anthrone
enables the use of n-BuLi as a safer alternative to tert-BuLi.
Compound 3 was further modified in order to conjugate it

to the chemiluminescent scaffold. We simultaneously depro-
tected both the TBS and tert-butyl ester-protecting groups with
trifluoroacetic acid (TFA). The xanthene phenols were
protected with acetic anhydride to obtain 5, but it was noticed
that a less polar spot as shown by thin layer chromatography
(TLC) also formed during the reaction, which was presumed
to be the mixed anhydride product. This spot disappeared by
subjecting the crude mixture to 1 equiv of triethylamine and
five equivalents of pyridine in a 1:1 THF/H2O mixture to
produce 5 in a 64% yield. We then appended tert-butyl
piperazine-1-carboxylate to 5 and subsequently deprotected
the tert-butyloxy carbamate with TFA to obtain amine 7.
The final steps were to conjugate the chemiluminescent

scaffold and carbofluorescein together, deprotect to form the
free phenol precursor, and form the dioxetane compound. We
decided to also use an acetate protection strategy to form
compound 8 from literature-reported compound S7 in 64%
yield (Scheme S1). This was advantageous to preparation of
the final probe because all three acetates could be deprotected
in a single step. We proceeded to conjugate 7 and 8 together
via 2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexa-
fluorophosphate (HBTU) coupling to form triacetate 9, which
was subsequently deprotected with 1 M LiOH to form
precursor 10 in quantitative yield. 10 underwent a light-
mediated [2 + 2] cycloaddition with singlet oxygen generated
with methylene blue as a photosensitizer to obtain Ratio-
pHCL-1 in 90% yield.
Upon synthesis of Ratio-pHCL-1, we proceeded to

characterize its properties in vitro. We verified the absorbance
spectrum of 100 μM Ratio-pHCL-1 (100 mM PBS, pH 7.45,
5% DMSO) against the chemiluminescence emission spectrum
of the reported methyl acrylate dioxetane (20 μM, 100 mM
PBS, pH 7.45, 5% DMSO) (Figure S1).67 The emission
wavelength of the methyl acrylate dioxetane centered at 530
nm coincides with an absorbance maximum of Ratio-pHCL-1

Scheme 2. Synthesis of Ratio-pHCL-1
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at 544 nm, indicating strong spectral overlap between the
chemiluminescence emission profile of the dioxetane donor
and absorption of the carbofluorescein acceptor. We measured
the chemiluminescence emission of 20 μM Ratio-pHCL-1
(100 mM PBS or Tris, pH 6.81−8.42, 5% DMSO). Analysis of
the emission spectra over this pH range revealed one peak
centered at 580 nm attributed to luminescence from the
carbofluorescein scaffold and a shoulder around 530 nm
corresponding to CIEEL from the chemiluminescent scaffold
(Figure 1A). As the pH of the system is increased, emission at

both peaks increases because of increased concentration of
phenolate over phenol; however, luminescence intensity from
the carbofluorescein increases in this system to a greater extent
than the luminescence from the chemiluminophore; analysis
shows a 24-fold change in the ratio of emission intensities at
580 nm over 530 nm from pH 6.81−8.42 (Figure 1B),
demonstrating that the emission spectrum of Ratio-pHCL-1 is
pH dependent. We then measured decomposition kinetics of
1.0 μM Ratio-pHCL-1 (100 mM PBS, pH 7.45, 5% DMSO,
37 °C). Figure S3 shows an observed peak emission at the
initial time point, followed by a steady decline to baseline
values over 50 min.
We subjected Ratio-pHCL-1 to variables to confirm that its

ratiometric response is independent of testing conditions. We
first examined changes in emission spectra upon changing the
concentration of Ratio-pHCL-1 (Figure 2). We tested 10, 20,

and 40 μM Ratio-pHCL-1 (100 mM PBS, pH 6.81−8.02, 5%
DMSO). Ratio-pHCL-1 shows a dose-dependent increase in
emission intensity as concentration increases, however, both
peaks increase proportionally (Figure 2A). Analysis of the ratio
of emission intensities at 580 and 530 nm plotted versus the
concentration of Ratio-pHCL-1 reveals that the signal remains
relatively consistent despite changes in its concentration
(Figure 2B), only showing a slight downward trend with
increasing concentration at pH 7.45. We then subjected 20 μM
Ratio-pHCL-1 to varying DMSO concentrations (100 mM
PBS, pH 6.81−8.02, 1−10% DMSO). Ratio-pHCL-1 showed
a dose-dependent increase in overall emission intensity with
increasing DMSO concentration, likely because of increases in
chemiluminescence quantum yield (Figure 3A). However,

changes in DMSO concentration did not greatly change the
ratio of emission intensities at 580 and 530 nm, albeit showing
a slight upward trend in chemiluminescence emission at pH
7.45 (Figure 3B).
We then measured 20 μM Ratio-pHCL-1 (100 mM PBS,

pH 6.81−8.02) from 0 to 30 min with 10 min intervals to test
probe stability over time. Figure 4A reveals that the overall
chemiluminescence intensity decreases over time, as was
expected from free phenol dioxetane kinetics. Plotting the
ratio of emission intensities at 580 nm over 530 nm does reveal
small changes in emission intensities over time, with a slight
upward trend at pH 7.45 and a more pronounced downward
trend at pH 8.02 over a 30 min period (Figure 4B), likely

Figure 1. pH-dependent (A) chemiluminescence emission spectra of
20 μM Ratio-pHCL-1 and 5% DMSO in 100 mM PBS buffer from
pH 6.81−7.63 and (B) ratio of chemiluminescence emission
intensities at 580 nm and 530 nm of 20 μM Ratio-pHCL-1 and
5% DMSO in aqueous buffer (pH = 6.81−8.44). All measurements
were taken in 100 mM PBS or 100 mM Tris, and measurements were
taken 20 s after mixing. Error bars are ±SD from n = 3 independent
experiments.

Figure 2. Dependence of chemiluminescence emission on the
concentration of Ratio-pHCL-1. (A) Emission spectra at pH 7.45
and (B) ratio of the chemiluminescence emission intensity at 580 and
530 nm of 10, 20, and 40 μM Ratio-pHCL-1 in PBS buffer at pH 6.81
(light gray trace), 7.45 (dark gray trace), and 8.02 (black trace)
containing 5% DMSO. All measurements were taken 20 s after
mixing. Error bars are ±SD from n = 3 independent experiments.

Figure 3. Dependence of chemiluminescence emission on the
concentration of DMSO. (A) Emission spectra at pH 7.45 with 1,
5, or 10% DMSO and (B) ratio of the chemiluminescence emission
intensity at 580 and 530 nm of 20 μM Ratio-pHCL-1 in PBS buffer at
pH 6.81 (light gray trace), 7.45 (dark gray trace), and 8.02 (black
trace) containing 1, 5 or 10% DMSO. All measurements were taken
20 s after mixing. Error bars are ±SD from n = 3 independent
experiments.

Figure 4. Time-dependent (A) emission spectrum at pH 7.45 and (B)
ratio of the chemiluminescence emission intensities at 580 and 530
nm of 20 μM Ratio-pHCL-1 in 100 mM PBS at pH 6.81 (light gray
trace), 7.45 (dark gray trace), and 8.02 (black trace) containing 5%
DMSO. All measurements were taken 20 s after mixing. Error bars are
±SD from n = 3 independent experiments.
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because of more rapid decomposition kinetics at this pH.
These variations indicate that care should be taken when using
Ratio-pHCL-1 at higher pH values. Imaging experiments
should be performed quickly after injection or at well-defined
time-points to ensure equal comparisons, especially when
performing experiments at elevated pH.
Next, we examined the behavior of Ratio-pHCL-1 in

biological systems. Cellular uptake of 20 μM Ratio-pHCL-1 in
A549 cells was examined over an 80 min period (Figure S4),
and changes in fluorescence were monitored using a
fluorescence microscope. After washing the cells, increased
intracellular fluorescence could be seen from the acrylamide
and carbofluorescein motifs by using GFP and RFP filter sets,
respectively. These results show that Ratio-pHCL-1 can cross
the cellular membrane and accumulate inside cells. We
proceeded to measure cell viability of Ratio-pHCL-1 (Figure
S5) using a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide assay. Cells maintained at least 67% viability
when exposed to 1−250 μM Ratio-pHCL-1.
Upon completion of the in vitro spectrophotometry

experiments and cellular studies, we confirmed the feasibility
of quantitative pH imaging using Ratio-pHCL-1 in an IVIS
Spectrum. We subjected Ratio-pHCL-1 to buffered solutions
(100 mM PBS, pH 6.81−8.42, 5% DMSO) and took
sequential images using the available 580 and 540 nm
bandpass filters and 0.5 s exposure time. Four independent
experiments were completed, and each buffered solution was
measured with three technical replicates per experiment. A
solution of 20 μM Ratio-pHCL-1 was too bright and saturated
the images at this setting, so the concentration was lowered to
1.0 μM. Images of the plate taken with average radiance heat
maps set to 109 photons sec−1 cm−2 sr−1 for the 580 nm filter
and 108 photons sec−1 cm−2 sr−1 for the 540 nm filter (Figure
5A,B, respectively) show that average radiance increases with

pH on both filter settings. Plotting the flux (photons/s) at 580
nm over flux at 540 nm for each well shows an increase in the
ratio between the two wavelengths as the pH increases, and the
generated curve agrees well with our previous in vitro
calibration. The imaging data, as shown in Figure 5, were
used to determine the observed pKa of the response. It was
found that a modified Henderson−Hasselbalch equation with
the inclusion of a Hill coefficient78 was needed to fit the data.
The observed pKa of the response was determined to be 7.70 ±
0.03 with a Hill coefficient of 2.21 ± 0.32 (S.D., n = 12),

indicating cooperativity between multiple protonation sites.
We then confirmed that a ratiometric chemiluminescence
response could be measured through a tissue surrogate by
placing a 2.8 mm thick slice of bologna (Kroger, Dallas, TX)
atop a 96-well plate loaded with 20 μM Ratio-pHCL-1 in
buffered solutions (100 mM PBS or Tris, pH 6.81−8.42, 5%
DMSO) and took sequential 580 and 540 nm filtered images
with 10.0 s exposure times (Figure S6), which clearly showed
penetration through this tissue surrogate.
Finally, we investigated the response of Ratio-pHCL-1 in

animal models. First, we did a proof-of-principle experiment in
recently sacrificed C57BL6 mice, which were given 950 μL
intraperitoneal (IP) injections of 1.0 M PBS (pH 5.99−7.99)
and then subsequently given 50 μL of IP injections of 400 μM
Ratio-pHCL-1 to achieve a theoretical final concentration of
20 μM Ratio-pHCL-1 with 5% DMSO in the injection volume
and imaged with 580 and 540 nm filters. With radiance heat
maps of both 580 and 540 nm images set to 109 p sec−1 cm−2

sr−1 (Figure S7A,B), there is a clear increase in flux from the
580 nm image from pH 6.0−8.0, with a less pronounced
increase in the 540 nm image over the same pH range. Plotting
total flux at 580 nm over flux at 540 nm shows an increase in
the ratio of total flux from both filter sets with increasing pH
(Figure S7C), demonstrating that Ratio-pHCL-1 can discern
changes in pH in the peritoneal cavity of mice. Confident with
these results, we moved to in vivo measurement of pH in the
peritoneal cavity of mice. Live male BALB-C mice aged 4.5
months were given 475 μL of injections of 20 μM Ratio-
pHCL-1 (1.0 M PBS, pH 5.99−7.99, 5% DMSO) and
immediately imaged with 580 and 540 nm filters. With
radiance heat maps set to 108 p sec−1 cm−2 sr−1 for both
images, there are pronounced increases in overall intensity
through both filter sets across the pH gradient and discernible
changes in flux output in each mouse from the 580 nm filter
over the 540 nm filter images (Figure 6A,B). Indeed, the flux
ratio between these filter sets increases with increasing pH
(Figure 6C). This result was consistent across three
independent experiments (Figure S8), demonstrating the
robustness of using Ratio-pHCL-1 for in vivo chemilumines-
cence pH imaging.

Figure 5. Chemiluminescence intensity images of the pH-dependent
emission of 1 μM Ratio-pHCL-1 in 100 mM PBS or Tris buffer (pH
6.81−8.42) containing 5% DMSO using(A) 580 nm bandpass filter or
(B) 540 nm bandpass filter in an IVIS Spectrum. (C) Ratio of total
flux (p/s) at 580 and 540 nm. n = 12 technical replicates across four
independent experiments, and error bars are ±SD.

Figure 6. Chemiluminescence images of the pH-dependent emission
of 475 μL of 20 μM Ratio-pHCL-1 (1.0 M PBS, pH 5.99−7.99, 5%
DMSO) injected into the peritoneal cavity of male BALB-C mice
aged to 4.5 months using a (A) 580 nm bandpass filter or (B) 540 nm
bandpass filter in an IVIS Spectrum. (C) Ratio of total flux (p/s) at
580 and 540 nm. n = 3 biological replicates for each pH tested, and
error bars are ±SD. Statistical significance was assessed using two-
tailed Student’s t-test. **p < 0.005 (n = 3 biological replicates).
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■ CONCLUSIONS
In summary, we have developed the first single-molecule 1,2-
dioxetane ratiometric chemiluminescence probe for imaging
pH in live animals. This was synthetically achieved by attaching
a pH-sensitive carbofluorescein to the chemiluminescent
acrylamide dioxetane scaffold via a piperazine linker. Ratio-
pHCL-1 generates light through CIEEL decomposition and
concomitant pH-dependent emission from the appended
fluorophore through a CRET mechanism. Ratio-pHCL-1 is
highly accurate in vitro, providing quantitative measurement of
pH in biological ranges. Its ratiometric output is stable to
confounding variables and provides a similar response when
collected through optical imaging methods. We note that the
observed pKa of the response is 7.7, which is slightly higher
than the ideal range of 6.8−7.4 for biological imaging.
Nonetheless, a pH-dependent ratiometric emission is also
reported in the peritoneal cavity of sacrificed mice, and robust
in vivo measurement of pH in live mouse models has been
accomplished. We report flux outputs of more than 108 to 109

p/s from 20 μM Ratio-pHCL-1 through biological tissue,
which exceeds the photon flux of most reported chemilumi-
nescence agents. This increase in brightness is achieved
through use of an unmasked phenoxy dioxetane that provides
instantaneous decomposition and light output. This shows a
clear advantage to chemiluminescence detection using
unmasked dioxetanesthey have the potential for much
higher signal intensity in biological settings. This methodology
can be applied to highly sensitive quantitation of other analytes
and provides a foundation for in vivo ratiometric imaging with
1,2-dioxetanes.
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