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ABSTRACT: Carbon dioxide (CO2) impacts every aspect of life and numerous sensing technologies have been established to detect 

and monitor this ubiquitous molecule. However, its selective sensing at the molecular level remains an unmet challenge, despite the 

tremendous potential of such an approach for understanding this molecule’s role in complex environments. In this work, we introduce 

a unique class of selective fluorescent carbon dioxide molecular sensors (CarboSen) that addresses these existing challenges through 

an activity-based approach. Besides the design, synthesis and evaluation of these small molecules as CO2-sensors, we demonstrate 

their utility by tailoring their reactivity and optical properties, allowing their use in a broad spectrum of multidisciplinary applications, 

including atmospheric sensing, chemical reaction monitoring, enzymology, and live-cell imaging. Collectively, these results show-

case the potential of CarboSen sensors as broadly applicable tools to monitor and visualize carbon dioxide across multiple disciplines.   

INTRODUCTION 

Carbon dioxide (CO2) is a ubiquitous molecule with undeniable rel-

evance to climate research,1,2 biology,3,4 ecology,5 chemistry,6–8 ag-

riculture,9 food,10,11 and healthcare.12,13 Detection and monitoring 

of CO2 thus play an indispensable role in investigating and under-

standing the multiple facets of this molecule. Currently, a vast array 

of modalities and materials are available to detect and monitor CO2, 

including nondispersive infrared sensors,14 positron emission to-

mography imaging,15 Severinghaus electrodes,16 paper-based sen-

sors,17,18 hydrogels,19,20 polymers,21,22 frameworks,23,24 and oth-

ers.25–27  However, despite their diversity and efficiency, these 

methods do not allow for selective molecular CO2 sensing in com-

plex environments,28 such as living cells, hindering research efforts 

and applications across multiple areas.3  

Activity-Based Sensing (ABS), a term coined by Chang and co-

workers, has proven extremely powerful in deciphering the role of 

small molecules in complex environments.28  A core design ele-

ment in ABS is a chemical reaction that can generate a unique spec-

tral signal with high selectivity in response to the target analyte 

(Fig. 1A). Many activity-based sensors have been developed over 

the years to monitor, for example, reactive nitrogen species (RNS) 

or oxygen species (ROS).29,30  ABS approaches have also been de-

veloped to detect reactive carbon species (RCS), mainly formalde-

hyde and carbon monoxide.31 The high selectivity and sensitivity 

of this approach have led to considerable advances in our under-

standing of the role played by small molecules in numerous re-

search areas.28,32,33 

In light of the relevance of CO2 and the power of ABS approaches 

to sense small molecules, the development of highly selective and 

sensitive CO2 activity-based sensors would unlock numerous mul-

tidisciplinary applications. Notably, alternative molecular ap-

proaches to sense CO2 have been limited to non-selective chemical 

reactions, such as the reversible attack of amines or N-heterocyclic 

carbenes onto CO2 forming carbamates or carboxylates,26,34,35 thus 

severely limiting the selectivity and sensitivity of those sensing 

processes, and, ultimately, their utility. These limitations clearly re-

flect the challenge of identifying a highly selective chemical reac-

tion targeting carbon dioxide, in the presence of a sea of more re-

active functional groups and molecules. This challenge, as well as 

the fact that CO2 can occur in either pure or dissolved form, could 

explain why the development of a highly selective and sensitive 

CO2 activity-based sensor has so far remained elusive. 

Here we report the design, synthesis, and evaluation of a family of 

novel, selective, and tunable fluorescent CO2 activity-based sen-

sors, based on a cascade Aza-Wittig reaction as a CO2-responsive 

mechanism (Fig. 1B). This is the first report that utilizes an imino-

phosphorane as a CO2-stimulus-responsive trigger. These sensors 

are suitable for the selective molecular sensing of CO2 in gas mix-

tures, as well as in both organic and aqueous solutions. We further 

demonstrate the multidisciplinary applicability of the sensors by 

detecting CO2 levels from air (~400 ppm) down to single-digit ppm 

levels in gas mixtures, sensing CO2 formation in chemical cataly-

sis, real-time monitoring of CO2 evolution arising from enzymatic 

activity, and visualizing CO2 in living cells.   

 

RESULTS AND DISCUSSION 

We reasoned that an ideal mechanism for molecular CO2 detection 

should be composed of three essential design elements: 1) a reac-

tive site able to rapidly and selectively react with CO2; 2) a locking 

element to selectively trap the initially generated intermediate in an 



 

irreversible manner; and 3) a bound fluorescent reporter that sim-

ultaneously, upon reaction, produces a distinct spectral fingerprint, 

both in absorbance and fluorescence spectra. To design a molecular 

sensor which meets these criteria, we turned our attention to imino-

phosphoranes, which have emerged as mild reactive handles in 

Staudinger ligation reactions.36,37 A less appreciated feature of 

iminophosphoranes is their ability to react with CO2 under mild 

conditions, in a process known as the Aza-Wittig reaction, to form 

a reactive isocyanate.38,39 We hypothesized that an activity-based 

sensor for CO2 could be composed of a reactive aryl iminophos-

phorane tethered to a fluorogenic molecule with a pendant amine 

as locking element (Fig. 1C). Our envisioned cascade activation 

pathway would start with a reaction between CO2 and the imino-

phosphorane group to form an isocyanate, which could subse-

quently react intramolecularly with the suitably placed nucleophilic 

amine to form a urea moiety.40,41 In this process, we surmised that 

the lone pair of the fluorophore’s pendant amine, upon conversion 

to urea, would dramatically change the compound’s electronic 

properties, resulting in a distinct spectral fingerprint. 

 

Fig. 1. (A) Conceptual relevance, challenges, and strategy in this 

study. (B) Scope of this study and nomenclature of the sensors. The 

“X” refers to the fluorescent motif: C-Coumarin (blue), B-BODIPY 

(green), R-Rhodamine (orange). The “Y” refers to the number of 

the iminophosphorane phenyl substituents. (C) General design and 

activation pathway of the envisioned CO2 sensors. (D) Chemical 

structures, absorbance (dashed line), and emission (solid line, Ex = 

390 nm) spectra of CarboSen-C3 and C-dye [20 µM] in DMSO. 

Photo was taken under 380 nm illumination. 

 

We validated our hypothesis experimentally by synthesizing Car-

boSen-C3 and its corresponding urea product (C-dye) and measur-

ing their spectral properties in DMSO and other solvents (Fig. 1D 

and S1.1).  As predicted, CarboSen-C3 and C-dye exhibit distinct 

absorbance and emission maxima in all tested solvents. We next 

evaluated the performance of CarboSen-C3 in the presence and ab-

sence of CO2 (Fig. 2A). Upon bubbling a stream of gaseous CO2 a 

strong fluorescence response, which further increased over time, 

was detected with an emission maximum at 460 nm, identical to the 

spectrum of C-dye. The turn-on response was saturated at a signal-

to-noise ratio of 260. This value demonstrates the high sensitivity 

of our fluorescence-based sensing approach. Analysis of the reac-

tion using UPLC-MS confirmed the formation of C-dye (Fig. S2). 

Further controls using an independently synthesized aniline (Car-

boSen-C-NH2), which is a possible by-product arising from hydrol-

ysis of the iminophosphorane or isocyanate groups, showed that its 

spectral properties do not interfere with that of C-dye (Fig. S1.1).  

The reaction kinetics were next investigated by measuring fluores-

cence at different time points using varying concentrations of either 

CarboSen-C3 or CO2. The reaction shows a first-order dependence 

on both [CarboSen-C3] and [CO2] (Fig. S3), pointing towards the 

initial intermolecular isocyanate formation as the rate-determining 

step. Next, gas mixtures with different ratios of CO2/N2 were bub-

bled through solutions containing CarboSen-C3 at a constant vol-

ume and rate (with a mass flow controller), showing a CO2 dose-

dependent response (Fig. S4). We also found that our sensor is ca-

pable of reliably detecting CO2 in both polar and apolar solvents 

(Fig. S5). Importantly, activation was observed even in water, bod-

ing well for a wide range of applications. Finally, we evaluated the 

selectivity of CarboSen-C3 against a panel of relevant reactive car-

bon species (RCS) in the absence of CO2 (Fig. 2B, RED). Impres-

sively, CarboSen-C3 exhibited only background fluorescence in re-

sponse to all tested analytes, with the exception of triphosgene, 

which gave a complex mixture of products.  This experiment 

demonstrates the sensor’s exquisite selectivity for CO2 over other 

reactive carbon species. Additionally, after 30 minutes, CO2 was 

added to all tested RCS samples and the emission was measured 

again (Fig. 2B, BLUE). The successful activation of the sensor with 

CO2 in the presence of several RCS clearly shows that these com-

pounds did not negatively interfere with the fluorescence read-out. 

The general design of our CarboSen sensors is composed of a linker 

connecting two functional moieties: a CO2-responsive site and a 

fluorophore. This endows our strategy with high modularity, as ad-

justing these two moieties can be used to fine-tune the sensor’s 

properties for different applications. In particular, the exchange of 

the substituents bound to phosphorus (PR3) can provide a useful 

handle to control the sensor’s reactivity towards CO2. Two new 

sensors were prepared accordingly, CarboSen-C2 and CarboSen-

C1 (Fig. 2C). It was found that the t1/2 of the fluorescent response 

of CarboSen-C3 is ~5 hours while for CarboSen-C2 and CarboSen-

C1 the t1/2 were ~5 minutes and ~1 minute, respectively, clearly 

showing the tunability of this system.  

The ability to fine-tune the spectral properties of the sensor is also 

crucial for downstream applications.42 We thus envisaged extend-

ing our strategy to two other widely used fluorophores, BODIPY 

and rhodamine, generating the new sensors CarboSen-B3 and Car-

boSen-R3, respectively (Fig. 2D). These fluorophores have found 

use in many applications and their optical parameters (such as ex-

citation and emission) are suited for most existing instruments such 

as confocal microscopes and plate readers.43–46 Moreover, these 

dyes are often compatible with applications in aqueous media and 

cell assays. The optical spectra of CarboSen-B3 and CarboSen-R3 

were measured, as well as the resulting activated fluorescent prod-

ucts. Similar to the coumarin scaffold, the spectral properties of the 



 

sensors differ significantly from that of their corresponding fluo-

rescent products (Fig. S1.2 and S1.3). Both sensors exhibited neg-

ligible fluorescence in the absence of CO2, however, a strong fluo-

rescence signal was observed upon bubbling a stream of gaseous 

CO2 through the solution (Fig. 2D). Like CarboSen-C3, these sen-

sors exhibited a dose-dependent response to altering levels of CO2. 

Overall, these results showcase the modularity of the CarboSen 

family. Not only can the rate of CO2 detection be controlled by the 

choice of the iminophosphorane functionality, but the fluorophore 

can also be swapped or functionalized to adapt to different applica-

tion requirements. The spectroscopic parameters for selected Car-

boSen sensors and their corresponding fluorescent products can be 

seen in Figure S7. 

 

 

 

 

Fig. 2. Structural modularity and activity of the CO2 ABS approach. (A) Time-resolved fluorescence spectra of CarboSen-C3 [100 µM] in 

DMSO in the presence and absence of CO2 [25 mL, 15 s at 100 mL/min]; Ex = 390 nm, Em = 460 nm. (B)  Fluorescence response of 

CarboSen-C3 [100 µM] to reactive carbon species [200 µM] in DMSO (RED). Gaseous CO2 was bubbled through the solution 30 minutes 

after the addition of the RCS (BLUE). The gases CO and CO2 were added using a flow meter [4 mL, 5 s at 50 mL/min]. Ex = 390 nm, Em 

= 460 nm.  (C) Fluorescence kinetic profiles of CarboSen-C3, CarboSen-C2, and CarboSen-C1 [100 µM] in DMSO in the presence and 

absence of CO2 [25 mL, 15 s at 100 mL/min]; Ex = 390 nm, Em = 460 nm]. (D) Fluorescence spectral dose-response of CarboSen-B3 and 

CarboSen-R3 sensors [100 µM] in DMSO to altering ratios of CO2/N2 gas mixtures [25 mL, 15 s at 100 mL/min]; CarboSen-B3 Ex = 450 

nm, CarboSen-R3 Ex = 530 nm. Photos show the dose-response as seen with the naked eye with (FL) and without (Vis) 380 nm UV flashlight. 

Measurements were performed in triplicates and error bars denote standard deviation (Mean ± SD; n = 3). 

 

Having uniquely selective and sensitive CO2 sensors in hand, we 

next turned our attention to demonstrate the applicability of these 

compounds through proof-of-concept experiments across a wide 

range of scientific disciplines (Fig. 3). First, we evaluated the sen-

sors’ potential use for sensing atmospheric CO2 levels (Fig. 3A). 

Compressed air was used as the CO2 source and diluted with nitro-

gen gas. When exposed to different air/N2 mixtures, solutions of 

CarboSen-C3 and CarboSen-B1 both exhibited a fluorescence dose 

response and were able to detect atmospheric CO2 even from a mix-

ture that contains ~2% air (~8 ppm) (Fig. S6). This experiment 

demonstrates the high sensitivity of our sensors and their potential 

uses for sensing CO2 in gas mixtures (Movies M1 and M2).   

In contrast to monitoring atmospheric CO2, sensing CO2 in solu-

tion, especially in microscale settings often encountered in biology 

or chemistry research, can be challenging using state-of-the-art de-

tection methods. An area of chemical catalysis that has recently 

seen much interest is the field of catalytic decarboxylative reac-

tions,47–49  which employs ubiquitous carboxylic acid feedstocks as 

reagents. As a proof-of-concept to demonstrate the sensors’ poten-

tial for both the discovery of novel decarboxylation reactions and 

reaction monitoring, we focused on a model benzylic decarboxyla-

tive process.7 Standard protocols were carried out with only one 

alteration, namely the addition of CarboSen-C3 [100 µM]. During 

the course of the reaction, CO2 is generated and subsequently cap-

tured by the sensor, giving rise to a fluorescence signal (Fig. 3B). 

Therefore, a simple fluorescence measurement can quickly indicate 

the reaction outcome or progress,50 bypassing the use of more com-

plex techniques (e.g. GC-MS or IR). A time-dependent experiment 

showed a correlation between the generated fluorescence signal 

and the reaction progress, as confirmed by HPLC monitoring. This 

assay clearly shows the advantage of fluorescence techniques such 

as their high throughput and simplicity, and demonstrates the sen-

sors’ potential for applications in chemical reaction discovery and 

monitoring.51,52 

 



 

 

Fig. 3. Model application for CO2 sensing. (A) Sensing atmospheric gas mixtures – fluorescence spectral dose-response of CarboSen-C3 

[100 µM] and CarboSen-B1 [20 µM] in DMSO with altering ratios of air/N2 gas mixtures [25 mL, 15 s at 100 mL/min]. For CarboSen-C3, 

Ex = 390 nm, Em = 460 nm. For CarboSen-B1, Ex = 450 nm, Em = 520 nm. (B) Catalytic reaction monitoring – time-resolved fluorescence 

spectra of CarboSen-C3 [100 µM, Ex = 390 nm, Em = 460 nm] used within the solvent of a model decarboxylative reaction (with and without 

K2CO3  ̧ reaction concentration: 0.01 M) and the corresponding HPLC analysis. (C) Enzymatic activity monitoring and model inhibition 

assay – Fluorescence response of CarboSen-R2 [50 µM, 1% DMSO, Ex = 540 nm, Em = 600 nm]. Top - kinetic profiles in response to 

altering concentrations of urea and urease (from Canavalia ensiformis, Jack bean, Type IX). Bottom – Model inhibition assay in PBS (pH = 

7.4, urease [10 U/mL], urea [1 mM]) using inhibitors 1-6 and control compound 7. Bars represent the mean emission intensity at 0, 8, 15, 

30, and 45 minutes. For experimental details see SI. Measurements were performed in triplicates and error bars denote standard deviation 

(Mean ± SD; n = 3).  

 



 

We next sought to apply our sensor in a biological context. Tools 

for fluorescence real-time monitoring of enzymatic activity are 

widely used to investigate biological processes and signaling path-

ways in chemical biology.53,54 Enzymatic activity sensors are im-

portant in assay development, which in turn are critical for the iden-

tification of ligands and inhibitors of the enzymes themselves.55 We 

reasoned that the CarboSen sensors can be applied to such screen-

ing assays in monitoring enzymatic reactions that release CO2. To 

experimentally support this idea, we focused on urease as a model 

system. Ureases are nickel-based metalloenzymes that hydrolyze 

urea to ammonium and CO2.56 We subjected CarboSen-R2 (Fig. S7 

and Fig. S8) to an enzymatic assay in phosphate buffered saline 

(PBS) with varying amounts of both urea and urease (Fig. 3C). The 

sensor was able to distinguish between the production of CO2 aris-

ing from various urea/urease concentrations. In the absence of ei-

ther urea or urease only the background response was observed. 

Next, we conducted a urease inhibition assay. Compounds 1-6 were 

expected to affect the enzymatic activity in accordance with re-

ported literature,56 while the control compound 7 should not de-

crease the enzymatic activity. Compounds 3, 4, and 6 shut down 

urease activity completely (no CO2 emission), while on the other 

hand, compounds 1, 2, and 5 led to low level activity, according to 

the fluorescence spectra (Fig. 3C). In addition, control compound 

7 had a negligible effect on the activity. These results illustrate the 

applicability of our sensors for relevant enzymatic monitoring as-

says. In addition, they demonstrate the power of our approach to 

monitor the formation of minor amounts of CO2 in solution and in 

a small, confined space, such as in a well plate.  

 



 

 

Fig. 4. HeLa cell imaging assay. (A) Spectral properties of CarboSen-R2 and R-Dye [20 µM, 1% DMSO] in PBS (pH = 7.4). (B) Live-cell 

microscopy images of CarboSen-R2 [5 μM, 0.05% DMSO, 0.05% glycerol] in response to exogenous CO2 addition in HeLa cells. Cells 

were treated with CarboSen-R2 for 10 min, at 37 °C in ambient atmospheric CO2. Subsequently, the cells were washed to remove extracel-

lular sensor, followed by further incubation of the cells either in ambient or 5% CO2. Images were taken at 0, 15, 30, 60 minutes. (C) 

Fluorescence response of CarboSen-R2 [50 μM] to common biological analytes [500 μM, 10 eq] in PBS (pH = 7.4). The CO2 was added 

using a flow meter [10 mL, 10 s at 60 mL/min] Ex = 540 nm, Em = 595 nm.  (D) Quantification of the results in the green fluorescence 

channel at different time points. Ex = 430 nm, Em = 520 nm.  (E) Quantification of the results in the red fluorescence channel at different 

time points. Ex = 540 nm, Em = 595 nm. The bar plots represent the mean values of four independent triplicate experiments with the 

respective standard deviations (Mean ± SD; n = 4). 

  

 



 

Encouraged by the promising results obtained so far, we finally 

sought to test our sensors in a cell culture setting. Sensing CO2 in 

such a complex environment is an unmet challenge due to the pres-

ence of numerous reactive molecules. We focused on CarboSen-R2 

as it exhibits a shift in fluorescence from green to red upon reacting 

with CO2. This change in emission wavelength offers the oppor-

tunity to visualize both CarboSen-R2 and R-dye simultaneously 

(Fig. 4A). In addition, this sensor displays a selective spectral re-

sponse towards CO2 compared to common cellular analytes includ-

ing carbonate (Fig. 4C and S9). HeLa cells were incubated with 

CarboSen-R2 [5 μM] for 10 minutes in ambient CO2 (air, ~0.04%) 

at 37 °C. The cells were washed thrice to remove the extracellular 

sensor and imaged (Fig. 4B, t = 0 min). Then, the cells were further 

incubated under ambient air or at 5% CO2 and imaged at different 

time points over 60 min (Fig. 4B). A cell proliferation assay con-

firmed cells viability during the imaging experiments (Fig. S9). A 

significant time-dependent fluorescence increase in the red channel 

and decrease in the green channel was observed under both tested 

conditions. However, CarboSen-R2’s transformation into R-dye 

occurred visibly faster in the 5% CO2 atmosphere (Fig. 4D and 4E). 

Measurements of the fluorescence spectra arising from within the 

cells were found to exactly match the spectral fingerprint of the ac-

tivated sensor (Fig. S9), confirming the reaction of CO2 with the 

sensor. Importantly, even the cells that were incubated under am-

bient conditions exhibited a time-dependent response that might be 

attributed to basal levels of CO2 production.57,58 We further ob-

served that the red signal was unevenly distributed throughout the 

cytoplasm, and mostly excluded from the nucleus (Fig. S10). While 

this is intriguing, the subcellular localization of the sensor was not 

within the scope of this study and was not further analyzed. We 

believe that these results will trigger further studies in living organ-

isms and open up new avenues to improve our understanding of 

metabolic processes. 

In conclusion, we have reported the design, synthesis, and evalua-

tion of a broad family of selective fluorescent CO2 activity-based 

sensors. Taking advantage of their unprecedented selectivity, as 

well as their high modularity, we demonstrated their multidiscipli-

nary applicability in atmospheric sensing, chemical reaction moni-

toring, enzyme inhibitor screening, and live-cell imaging. These re-

sults clearly demonstrate these molecular tools’ potential to unleash 

countless future applications across multiple disciplines that criti-

cally rely on the visualization and monitoring of CO2 at the molec-

ular level. 
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