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Abstract

Aldehydes are key intermediates in many cellular processes, from endogenous metabolic pathways 

like glycolysis to undesired exogenously induced processes such as lipid peroxidation and DNA 

interstrand cross-linking. Alkyl aldehydes are well documented to be cytotoxic, affecting the 

functions of DNA and protein, and their levels are tightly regulated by the oxidative enzyme 

ALDH2. Mutations in this enzyme are associated with cardiac damage, diseases such as Fanconi 

anemia (FA), and cancer. Many attempts have been made to identify and quantify the overall level 

of these alkyl aldehydes inside cells, yet there are few practical methods available to detect and 

monitor these volatile aldehydes in real time. Here, we describe a multicolor fluorogenic 

hydrazone transfer (“DarkZone”) system to label alkyl aldehydes, yielding up to 30-fold light-up 

response in vitro. A cell-permeant DarkZone dye design was applied to detect small-molecule 

aldehydes in the cellular environment. The new dye design also enabled the monitoring of cellular 

acetaldehyde production from ethanol over time by flow cytometry, demonstrating the utility of 

the DarkZone dyes for measuring and imaging the aldehydic load related to human disease.

Graphical abstract

Humans are widely exposed to aldehydes throughout daily life by contact with polluted air,1 

industrial processes,2 smoking,3 and dietary and alcohol consumption.4 Small-molecule 

aldehydes can diffuse freely in cells, reacting with amines and thiols to form adducts with 

DNA and proteins, adversely affecting their functions. Numerous environmental aldehydes 
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are classified as mutagens5 and carcinogens6 and are directly involved in cardiovascular7 

and lung8 diseases.

In addition to environmental aldehydes, small alkyl aldehydes are generated endogenously 

in cells through normal and pathogenic metabolism. Aldehydes are synthesized under 

oxidative stress via lipid peroxidation,9 glycation,10 and oxidation of amino acids.11 

Prominent examples of endogenously generated aldehydes include acetaldehyde, 

malondialdehyde, 4-hydroxynonenal (4-HNE), and glyoxal, which exist in concentrations 

ranging from nanomolar to several hundred micromolar in cells.12,13 Accumulation of 

aldehydes from oxidative stress or dysfunctional enzymes can cause and exacerbate diseases 

such as chronic liver damage14 and Fanconi anemia (FA).15 As a result of their cytotoxicity, 

most of these alkyl aldehydes are tightly regulated by aldehyde dehydrogenases including 

ALDH2, for which specific disease-related mutations are known.16 The ALDH2*2 mutation 

is widely prevalent in East Asia, resulting in severe acetaldehyde-induced reactions in 

affected individuals after ethanol ingestion, and contributing to cancer risk. The total cellular 

“aldehydic load,” measuring all alkyl aldehydes together, is considered an important 

parameter to assess these pathologies.17,18

Cellular aldehydes are traditionally quantified by gas or liquid chromatography;19,20 

however, these methods suffer from significant signal loss from evaporation of small volatile 

aldehydes during prolonged experimental time and manipulation. In contrast, fluorogenic 

reporters might offer the possibility of directly observing cellular small aldehydes without 

cell lysis, aldehyde extraction, and chromatographic separation. In this light, recent reports 

have described reaction-based fluorogenic reporters of formaldehyde21,22 and 

malondialdehyde.23 Yet, no intracellular reporters exist for many important alkyl aldehydes 

such as acetaldehyde, glyoxal, methylglyoxal, 4-HNE, glycolaldehyde, or acrolein. In 

addition, no method is known for imaging and measuring total aldehydic load in live cells. 

This is important because malfunction of single oxidative enzymes such as ALDH2 regulate 

the cellular levels of multiple alkyl aldehydes.16

We report here a general fluorogenic hydrazone dye design that successfully addresses these 

needs for aldehyde labeling and detection. This molecular design involves a novel hydrazone 

transfer approach to labeling. The new dye architecture (a dark hydrazone or “DarkZone;” 

Figures 1 and 2)) is capable of both in vitro and in vivo aldehyde labeling and functions with 

most known cellular alkyl aldehydes. The labeling is attended by a light-up signal of up to 

30-fold.

Results and Discussion

DarkZone Dye Design and Synthesis

We designed a hydrazine-carrying fluorescent label to be combined with a fluorescence 

quencher that possesses a donor aldehyde (Figure 1), generating a dark hydrazone reagent. 

In principle, reaction of such a fluorescence-quenched reagent with a new acceptor aldehyde 

(the analyte) would result in a light-up signal as the quencher is released. The pro-

fluorescent DarkZone reagent might then be used for labeling and imaging aldehydes with 

an attendant optical signal as labeling proceeds.
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The practical requirements of such a donor hydrazone are (1) high stability to hydrolysis 

under ambient conditions, (2) well-quenched fluorescence for low background signal, (3) a 

thermodynamically unstable hydrazone linkage relative to the hydrazone formed with alkyl 

aldehydes of biological interest, thus driving the reaction to completion. We adopted a 2-

hydrazinopyridine nucleophile as part of the bisaryl DarkZone system, as it has been shown 

to be a viable substrate for bioconjugation.24 We then screened a series of hydrazones 

formed from varied aryl aldehydes by HPLC, looking for a high rate and extent of exchange 

with 4-nitrobenzaldehyde. We found that hydrazones formed by electron-rich benzaldehydes 

gave facile exchange, with higher exchange rates observed in cases where electron donating 

groups were conjugated to the hydrazone nitrogen (see HPLC data in Figure S1). On the 

basis of this finding, we designed an electronically similar aldehyde-functionalized 

fluorescence quencher (1, Figure 1) based on a well-known azobenzene quencher (dabcyl).25 

Compound 1 was equipped with ethylene glycol chains to increase water solubility of the 

overall dye structure.

To prepare prototype multicolor DarkZone dyes, we conjugated quencher aldehyde 1 with 

five fluorophores having varied emission properties (Table 1). The quenched conjugates 

showed similar excitation and emission wavelengths compared to the unquenched forms, but 

with quantum yields suppressed significantly as expected. Exchange and optical 

performance of these compounds were evaluated using 500 nM dye and 2 mM glyoxylic 

acid as acceptor. To facilitate reactions at pH 7, we used 5 mM 5-methoxyanthranilic acid 

(3) as catalyst26 (Figure S2 and Table 1) in phosphate buffer. For all dyes, exchange 

proceeded smoothly without significant side products (Figure S3). Among the dyes tested, 

the Cy3 DarkZone dye showed the greatest fluorescence enhancement (30-fold) while the 

BODIPY FL DarkZone dye exhibited the least, albeit still substantial (4-fold). The exchange 

reactions reached completion within 2–3 h and the exchange rate could be enhanced further 

at slightly acidic pH (pH 6), reaching completion in ca. 20 min (Figure S4). For in vitro 
labeling of aldehydes, we conclude that several of the DarkZone dyes are suitable; for 

cellular labeling, the fluorescein dye provides an advantage due to its anionic structure (see 

below).

Catalyst Screening

Arylamine organocatalysts have played crucial roles in the development of hydrazone 

chemistry, acting as nucleophilic catalysts that activate carbonyl groups to form imines.27 

We screened 16 arylamine compounds (Figure 3) at 5 mM for their ability to promote 

hydrazone exchange with an alkyl aldehyde. Two previously reported catalysts—5-

methoxyanthranilic acid26 (3) and 1,4-phenylenediamine28 (4)—demonstrated excellent rate 

enhancements, 4- to 5-fold greater than that of aniline and >90-fold over the uncatalyzed 

reaction (Figure S5). We also discovered two unreported catalysts—2,4-dimethoxyaniline 

(5) and 5-aminoindole (6)—to be efficient as well, with activity 3-fold higher than that of 

aniline. Notably, this ranking of catalysts is different than that observed in simple hydrazone 

formation,29 which is consistent with the notion that the reaction mechanism may be distinct 

in the current hydrazonealdehyde exchange (see possible mechanisms in Figure S6).
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Substrate Scope

Next, we evaluated how acceptor aldehyde structure influences the extent and rate of 

hydrazone exchange. We tested a range of aldehyde substrates (aliphatic, aromatic, electron 

rich/poor) and monitored the extent of reaction by HPLC as a function of time, using 200 

μM acceptor aldehyde and exchange dye with 5 mM catalyst 3. The data showed that the 

reactions required 5 to 21 h to reach equilibrium, depending on the substrate (Figure S7). 

Electron-poor aromatic aldehydes showed the highest degree of reaction (greatest Keq), 

which suggested a more stable product hydrazone compared to the starting DarkZone dye. 

Only minimal reaction was observed for carbohydrate (aldose) acceptors, possibly due to the 

predominance of the unreactive hemiacetal form in the aqueous buffer. We also measured 

the fluorescence turn-on for each of the acceptor aldehydes. Interestingly, only aliphatic 

substrates yielded an appreciable light-up response; reactions between the DarkZone dye 

and aromatic aldehydes remained dark as a result of the bisaryl hydrazones' apparent ability 

to quench fluorescence (Figure 4). Tests of the fluorescein DarkZone dye with nine alkyl 

aldehydes known to be present in mammalian cells30 confirm that signals appear above 

background for acetaldehyde, acrolein, glycolaldehyde, formaldehyde, glyoxal, 

methylglyoxal, and glyoxylic acid (Figure S8); only malondialdehyde failed to yield signals. 

On the basis of these studies, we conclude that the current DarkZone dye design is selective 

for light-up labeling of a large range of aliphatic aldehydes relative to aryl aldehydes and 

sugars that appear in cellular metabolism. We chose two of the cellular aldehydes to test over 

varied concentrations for sensitivity of detection at 20 μM dye concentration (Figure S9). 

Plots of signal versus concentration revealed detection limits of ≤0.5 μM for glyoxylate and 

between 20 and 100 μM for glycolaldehyde. Reported physiological glyoxylate 

concentrations are 40–130 μM in HepG2 cells and liver tissue,31 and for glycolaldehyde, 

physiological concentrations are estimated at 100 to 1000 μM.32 Thus, the fluorescein 

DarkZone dye can report on multiple cellular alkyl aldehydes at physiologically relevant 

concentrations.

Intracellular Activity of Catalysts

To perform detection and imaging of alkyl aldehydes within cells, we first evaluated the best 

catalysts from the above studies for toxicity and effectiveness in intracellular labeling 

(Figure 5). Since signaling would be most effective if the labeling agent can penetrate the 

cell membrane, but remain in the cells once inside, we prepared an acetylated fluorescein 

DarkZone dye (AFDZ, see Figure 6). Once the uncharged acetylated fluorescein penetrates 

the cells, intracellular esterases are expected to release the negatively charged fluorescent 

dye,33 trapping it inside the cell. Indeed, we observed very little background signal when 

AFDZ dye was used and found strong cellular signals when alkyl aldehydes were present 

(Figure 6a).

We then proceeded to evaluate organocatalysts for their ability to promote reaction without 

strong toxicity. We incubated the four best catalysts (catalyst 3, 4, 5, and 6) from the in vitro 
screen, along with the well-known catalyst aniline (2), with K562 cells. The catalyst was 

removed after 1 h by exchanging culture media, and cell viability was measured via Trypan 

Blue staining at 24 h. Cells incubated with catalysts 2, 3, and 5 at 10 mM showed the 

greatest viability at 80–86%, while catalysts 4 and 6 were somewhat less well tolerated (33 
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and 55% viability; Figure 5a). We noted discoloration of solutions containing 4 and 6, 

apparently due to oxidation in the air. We also measured the abilities of the catalysts to 

catalyze the exchange reaction within the cellular environment. The five catalysts were 

incubated with the cells at 10 mM with 40 μM AFDZ dye and 2 mM formaldehyde for 1 h, 

and the fluorescence intensity was subsequently measured by flow cytometry. We found that 

both catalysts 3 and 5 yield a signal to background ratio of 4.8, outperforming other catalysts 

(Figure 5b). Since catalyst 3 (without buffering) induced a pH change in the media, we 

chose catalyst 5 for our further cellular studies.

Intracellular Labeling of Alkyl Aldehydes

We tested the AFDZ dye with multiple biologically relevant aldehydes in HeLa cells: 

formaldehyde, an environmental pollutant that can induce neurogenic diseases;34 

glycolaldehyde, a metabolite that can be further oxidized to highly toxic glyoxal;35 acrolein, 

a lipid peroxidation product with links to Alzheimer's disease36 and chemotherapy-induced 

bladder injury;37 and acetaldehyde, a carcinogenic16 aldehyde that is enzymatically 

produced by the metabolism of ethanol. First, we performed a test of background signals, by 

incubating the dye with cells and catalyst without added aldehyde. Since wild-type cells 

with active ALDH2 should have low levels of constitutive aldehydes, signals are expected to 

be relatively low unless the DarkZone dye is hydrolyzed in the cell under the conditions. 

Experiments showed that incubation of HeLa cells with AFDZ dye and catalyst 5 for 1 h 

yield minimal fluorescence signals under the microscope (Figure 6a, no aldehyde), 

demonstrating hydrolytic stability under the labeling conditions. Next, we tested the effect of 

aldehydes added into the cells: we incubated HeLa cells with 20 μM AFDZ dye, 10 mM 5, 

and varying concentrations of aldehydes in the media for 1 h without washing to remove 

excess dye. We observed a concentration-dependent increase in fluorescence signal from 

100 μM to 500 μM to 2 mM for three of the aldehydes (formaldehyde, glycolaldehyde, and 

acetaldehyde; Figure 6; see also quantified data in Figure S10c). For acrolein, the 

fluorescence intensities are similar from 100 μM to 2 mM; a drop in fluorescence was only 

observed at a low (50 μM) concentration, indicating a strong equilibrium driving force to the 

labeling reaction even at a relatively low concentration of analyte. Signals for aldehydes 

were strongest in the nucleus (Figure 6d and Figure S10) but were quite substantial in the 

cytosolic compartment as well. The stronger nuclear signal may reflect the mitochondrial 

localization of ALDH family enzymes,16 which could lower relative aldehyde 

concentrations in the cytosol. Confocal microscope imaging confirmed that the labeling is 

indeed localized inside the cells (Figure S11). We also labeled glyoxylic acid—a strongly 

responding (see Figure 4) but poorly cell-permeable aldehyde due to its charge—with AFDZ 

dye using the same labeling conditions as the other aldehydes. The lack of intra- and 

extracellular fluorescence signal suggests that both exchange with aldehydes and 

intracellular esterase activation are important for responses (Figure S12).

To test the application of a DarkZone probe for dynamic monitoring of constitutive aldehyde 

production, we employed the AFDZ dye to monitor acetaldehyde production from ethanol in 

K562 cells. Ethanol is metabolized through oxidation to acetaldehyde by alcohol 

dehydrogenase and is further oxidized to acetate by mitochondrial ALDH2.16 Over 500 

million East Asians possess a point mutation in the ALDH2 gene, leading to high levels of 
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the aldehyde and causing disulfiram-like symptoms of facial flushing, headaches, nausea, 

and eventually cancer if chronically overexposed.16 Acetaldehyde is probably the major 

source of DNA interstrand crosslinks (ICL),38 and the inability to repair this damage is the 

underlying pathology in FA, a fatal genetic disorder of DNA repair.39 FA patients develop 

birth defects, marrow failure, leukemia, and other cancers due to the aldehyde-induced 

ICL.39 Although these issues are clinically important, we still lack efficient ways to monitor 

the production of acetaldehyde due to its high volatility (boiling point = 20 °C).

We exposed the cells to a standard intoxication level of ethanol (20 mM)40 and employed 

AFDZ dye to assess levels of acetaldehyde produced from it. Experiments were followed by 

microscopy and flow cytometry over 24 h with 40 μM AFDZ dye and 10 mM catalyst 5. 

Differential signals were visible by epifluorescence microscopy (Figure 5e) and were 

quantifiable by flow cytometry. With ethanol treatment alone (Figure 6f, blue curve), AFDZ 

shows no fluorescence increase over background, indicating the fast kinetics of acetaldehyde 

processing to acetate in the cells, which results in no measurable buildup in steady-state 

acetaldehyde concentration. In contrast, when cells were preincubated with ALDH2 

inhibitor daidzin41 (Figure 6f, green curve), microscopy images displayed a clear increase in 

fluorescence from the buildup of acetaldehyde as its further processing to acetate was 

inhibited. Flow cytometry results (see representative plots in Figure S13) revealed a 2.5-fold 

fluorescence increase after incubation of cells with daidzin and 20 mM ethanol for 24 h. 

Previous literature suggests that a similar ethanol dose in the presence of daidzin can 

generate 12 μM acetaldehyde in mammals.42 We also observed that incubating daidzin with 

the cells in the absence of ethanol yielded a continuous increase of fluorescence signal over 

time (Figure 6f, red curve), which suggests that some of the non-ethanol-induced signal 

arises from constitutive cellular alkyl aldehydes in the cells rather than simple hydrolysis of 

the DarkZone dye.

Taken together, our experiments establish a new quenched hydrazone dye design that 

efficiently labels aldehydes in vitro and in living cells, while yielding light-up signals that 

report on reaction. The reaction can be performed in neutral or mildly acidic conditions to 

achieve labeling within minutes to hours with improved catalysts. The light-up capability of 

the DarkZone dye design not only signals reaction progress in vitro but also enables 

measurements of relative levels of intracellular aldehydes. This fluorogenic design provides 

advantages over other aldehyde labeling systems43 by allowing direct quantification of 

aldehyde using flow cytometry or microscopy without the need of washing or cell lysis, 

saving time and labor. The labeling of endogenously produced aldehydes using AFDZ can 

potentially occur inside and outside the cells because of the highly diffusible nature of the 

aldehydes. However, the intracellular esterase activated AFDZ allows the fluorescence signal 

to be trapped in the cell, enabling low-background analytical measurements using flow 

cytometry and fluorescence microscopy. The application of the new hydrazone dye design to 

flow cytometry may allow aldehydic load in different cell types within a tissue to be defined, 

e.g., phenotypically defined hematopoietic stem cells, which are the target of acetaldehyde-

mediated DNA damage in bone marrow. The selectivity of the current DarkZone design for 

alkyl aldehydes is useful for monitoring the total cellular alkyl aldehyde content rather than 

a specific one. In addition to acetaldehyde from ethanol metabolism, it is known that 
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oxidative stress often generates multiple aliphatic aldehydes, including 4-HNE, acrolein, and 

4-oxo-2-nonenal.44 Having a tool that can monitor the total aldehydic load provides a 

measure of the processing of such compounds through the aldehyde-detoxifying ALDH 

family of enzymes.45 Thus, such reagents have the potential to show broad utility in the 

study of the biology of normal and disease-related aldehyde metabolism.

Methods

Synthesis of DarkZone Dyes

Materials, methods, characterization data, and spectra are given in the Supporting 

Information.

Substrate Screening

Five millimolar catalyst 3 and 2 mM aldehyde in DMSO were added to 100 μL of 300 mM 

phosphate buffer (pH 7) sequentially in a 60 μL cuvette. The solution was mixed with a 

micropipet. DarkZone dye (500 nM) in DMSO was added to the solution, and the 

fluorescent intensity was monitored with a fluorimeter with λex and λem listed on Table S1. 

For the biologically relevant aliphatic aldehydes, 10 mM catalyst 5 and 1 × PBS buffer were 

used, and the fluorescence intensities were measured in a microplate reader after 1 h of 

incubation.

HPLC Analysis

The reactions were performed with the same setup procedures as described above. The 

reactions were incubated at RT protected from light, and 10 μL of the reaction mixture was 

injected into the HPLC equipped with a Phenomenex Onyx Monolithio C18 at different time 

points for analysis. The eluent consisted of acetonitrile with 0.1% TFA and 0.22 μm filtered 

water. The reactions were monitored using the absorption maximum of the fluorescent dye 

except for fluorescein, which did not show a good absorption in the HPLC eluents; the 

absorption of the quencher was used instead.

Catalyst Screening

Five millimolar catalysts in DMSO and 2 mM glyoxylic acid in water were added to 300 

mM phosphate buffer (pH 7) sequentially to make up a 100 μL solution in a 60 μL cuvette. 

The solution was mixed with a micropipet. Fluorescein DarkZone dye (500 nM) in DMSO 

was added to the solution, and the fluorescence intensity was monitored with a fluorimeter 

for 400 s at RT. The experiment was performed in triplicate to calculate the standard 

deviation. The rate relative to aniline for each catalyst was calculated using initial rates as 

measured at the 100 s time point (see Supporting Information for the calculation).

Fluorescence Kinetics and Light-up Measurements

Catalyst (5 mM) and glyoxylic acid (2 mM) were dissolved in 300 mM phosphate buffer 

(pH 7) in a 100 μL of solution. DarkZone dye in DMSO was then added to reach the desired 

concentration, and the emission at the chosen wavelength was monitored over time at RT 

(Table S1). The emission spectra were taken after the emission intensity stabilized based on 
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the kinetic readout. The prereaction emission spectra were taken with DarkZone dyes at the 

desired concentration dissolved in 300 mM phosphate buffer.

Aldehyde Labeling in HeLa Cells

HeLa cells were cultured with EMEM cell culture media in a 0.7 cm2 eight-chamber glass 

slide until 90% confluency inside a CO2 incubator at 37 °C. Ten millimolar catalyst 5 was 

predissolved in media with 1% DMSO, and it was used to replace the media at the start of 

the experiments. Aldehydes were predissolved in 1 × PBS buffer and added to each chamber. 

Twenty micromolar DarkZone dye predissolved in DMSO was then added to each well. In 

the case of acetaldehyde, the container was sealed with parafilm to avoid aldehyde 

evaporation. The reaction was incubated in a CO2 incubator at 37 °C for 1 h and imaged 

with an epifluorescence or confocal microscope.

Toxicity Test for Catalysts

K562 cells were cultured with RPMI-1640 cell culture media in a cell culture flask. Aliquots 

of 105 cells in 150 μL were pipetted into a 96-well microplate with three wells for each 

catalyst. A total of 10 mM of each catalyst DMSO was added to each well and incubated for 

1 h. The cells were then washed three times with cell media, and viability was evaluated by 

Trypan Blue exclusion at 24 h.

Catalyst Screening for Hydrazone Exchange in Cellular Environment

K562 cells were cultured with RPMI-1640 in a cell culture flask, and aliquots of 105 cells in 

150 μL were pipetted into a 96-well microplate. To the cell culture was then added 10 mM 

of catalyst in DMSO, 2 mM formaldehyde in water, and 40 μM of AFDZ dye in DMSO. The 

concentration of AFDZ was quantified using ε505 nm = 20 037 cm−1 mol−1 L. The mixtures 

were incubated in a CO2 incubator at 37 °C for 1 h. The cells were spun down at 100 rcf for 

5 min, and the medium was replaced with 300 μL of 1 × PBS buffer with 2% FBS prior to 

flow cytometry analysis.

Acetaldehyde Labeling from Ethanol Production in Cells

K562 cells were cultured with RPMI-1640 cell culture media in a cell culture flask. A total 

of 105 cells in 150 μL were transferred to a 96-well cell culturing plate. For experiments 

requiring ALDH2 inhibitor, 5 mM daidzin was predissolved in DMSO, and 250 μM was 

added to each well. Note that the experiments with and without ethanol treatment are 

performed in separate 96-well plates to prevent cross-contamination from the volatile 

acetaldehyde. Experiments at different time points were also performed with separate plates 

to avoid the loss of acetaldehyde. The plates were incubated for 8 h in a CO2 incubator at 

37 °C. Fluorescence labeling was performed at t = 0 with cells without inhibitor treatment to 

measure the background fluorescence. Twenty millimolar ethanol was added at t = 0. 

Adhesive plate seals were used on each plate to prevent evaporation of acetaldehyde and 

ethanol. Fluorescence labeling was then performed on each experiment at t = 2, 4, 8, and 24 

h. In all the experiments, fluorescence labeling was performed by cooling the plate to RT for 

5 min, adding 40 μM AFDZ dye and 10 mM catalyst 5 in DMSO, and incubating for 1 h in a 

CO2 incubator at 37 °C. The cells were spun down at 100 rcf for 5 min, and the medium was 
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replaced with 1 × PBS buffer with 2% FBS before flow cytometry analysis. The mean 

fluorescence intensity (MFI) was calculated from single parameter histograms and expressed 

relative to the baseline fluorescence (relative MFI). Each experiment was performed in 

triplicate.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Generalized scheme for light-up labeling of an aldehyde by hydrazone transfer. The 

DarkZone dye is a quenched hydrazone formed from a fluorescent-tagged hydrazine and a 

quencher-aldehyde. A fluorescence signal appears when the quencher-aldehyde is exchanged 

for the target aldehyde.
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Figure 2. 
Structures of a DarkZone dye (7-(diethylamino)coumarin or DEAC label shown) and a 

fluorescent tagged target aldehyde (acetaldehyde shown). See SI file for structures and 

synthesis of other dye-substituted DarkZone reagents.
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Figure 3. 
Arylamine catalysts screened for promoting hydrazonealdehyde exchange. The hydrazone 

exchange rate of fluorescein DarkZone dye (500 nM) with glyoxylic acid (2 mM) was 

measured by monitoring fluorescence at λEm= 517 nm, with 5 mM catalyst. The rates 

relative to aniline are listed; standard deviations were calculated from three trials. *No 

catalytic activity observed.
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Figure 4. 
Comparison of signals for varied aldehyde substrates in phosphate buffer, showing selective 

signaling with alkyl aldehydes. (a) Hydrazone exchange with different acceptor carbonyl 

substrates. Conditions: 300 mM phosphate buffer (pH 7), 500 nM fluorescein DarkZone dye, 

5 mM catalyst 3, and 2 mM carbonyl substrates. Aldehydes: glyoxylic acid (7), 2-

methylbutyraldehyde (8), l-rhamnose (9), pyridine-2-carboxaldehyde (10), phthalaldehyde 

(11), pyridoxal (12), and 4-nitrobenzaldehyde (13).
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Figure 5. 
Catalyst screening for intracellular labeling. (a) K562 cell viability at 24 h after incubating 

with 10 mM catalyst for 1 h; (b) relative fluorescence intensity after 1 h with 10 mM 

catalyst, 40 μM AFDZ dye with/without 2 mM formaldehyde (HCHO). Error bar indicates 

standard deviation from n = 3; stars indicate significance in t test, **P ≤ 0.01 and ***P ≤ 

0.001.
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Figure 6. 
Fluorescence images and flow cytometry data for cellular aldehyde labeling. HeLa cells 

were incubated with 20 μM of AFDZ dye and 10 mM catalyst 5 and imaged after 1 h with 

varying concentrations of (a) formaldehyde, (b) glycolaldehyde, (c) acrolein, and (d) 

acetaldehyde. No washing steps were done. Note that 50 μM was used with acrolein and 100 

μM for formaldehyde, glycolaldehyde, and acetaldehyde. (e) K562 cells pretreated with 250 

μM daidzin and incubated with 40 μM of AFDZ dye, 10 mM catalyst 5, and with/without 20 

mM ethanol. (f) Flow cytometry data monitoring the production of aldehyde over time in 

K562 cells with/without ethanol. The fluorescence intensities were compared to that 

obtained from t = 0 without added ethanol and daidzin. Scale bars (20 μM) are shown.
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