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Abstract

Oxygenation and tissue hypoxia play critical roles in mammalian biology and contribute to 

aggressive phenotypes in cancerous tumors, driving research to develop accurate and easy-to-

implement methods for monitoring hypoxia in living cells and animal models. This study reports 

the chemiluminescent probe HyCL-4-AM, which contains a nitroaromatic sensing moiety and, 

importantly, an acetoxymethyl (AM) ester that dramatically improves operation in cells and 

animals. HyCL-4-AM provides a selective 60 000-fold increase in luminescence emission in the 

presence of rat liver microsomes (RLM). For cellular operation, the chemiluminescence response 

kinetics is sharply dependent on oxygen levels, enabling highly significant and reproducible 

measurement of hypoxia in living cells. Whole animal imaging experiments in muscle tissue and 

tumor xenografts show that HyCL-4-AM can differentiate between well oxygenated muscle tissue 

and hypoxic tumors, demonstrating potential for monitoring tumor reoxygenation via hyperoxic 

treatment.
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Oxygen provides a critical energy source for aerobic organisms, necessitating sophisticated 

cellular machinery to sense and respond to fluxes in oxygen concentration.1 Hypoxia, a state 

of low tissue oxygenation, is a physiological outcome of tumors outgrowing their own blood 

supply. Hypoxic tissues undergo a series of changes mediated by reduced O2-dependent 

activity of a prolyl hydroxylase domain (PHD) enzyme that results in activation and 

heterodimerization of the transcription factors hypoxia inducible factor 1α (HIF-1α) and 

HIF-1β.1 This heterodimer promotes the expression of a multitude of downstream targets 

that promote angiogenesis,2 growth,3 and metastasis,4 while suppressing natural and drug-

induced apoptosis.5,6 Hypoxia shows promise as a prognostic indicator and has been 

correlated with, for example, poor outcomes in patients with nonsmall cell lung cancer7 and 

reduced response to radiotherapy in patients with cervical cancer.8 The fundamental 

importance of tissue oxygenation in cancer and other physiological and pathological 

conditions drives our efforts to develop sensitive and specific measurement methods for the 

clinic and preclinical laboratory settings.9

Methods for clinical hypoxia detection in patients include oxygen electrodes,7 blood oxygen 

and tissue oxygen level dependent magnetic resonance imaging (BOLD and TOLD),10,11 

and positron emission tomography/computed tomography (PET/CT).8 These methods show 

excellent clinical promise, but either are invasive in the case of electrodes or require 

expensive instrumentation and expertise in the case of MRI and PET. These obstacles have 

caused preclinical laboratory efforts to gravitate toward less expensive and easier to 

implement optical methods for hypoxia imaging.12 Many optical, as well as PET and 

immunohistochemical, approaches rely on the selective reduction of nitroaromatic 

compounds under hypoxic conditions.13–16 The first step in this reduction process forms the 

nitroaromatic radical anion (RNO2
−•) and can be mediated by a range of enzymes including 

cytochrome P450 reductase,17 cytochrome c reductase,18 xanthine oxidase,19 and lipoamide 

dehydrogenase.20 Molecular oxygen, however, can reverse this step by reoxidizing the 

radical anion with concomitant formation of superoxide. In the absence of O2, the reduction 
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can proceed beyond RNO2
−• to the subsequent nitroso, hydroxylamine, and amine 

compounds. This mechanism has been exploited to develop sensitizers for radiation and 

chemotherapy, as well as compounds to aid in hypoxia imaging and detection.21 Fluorescent,
12 photoacoustic,22 bioluminescent,23 and chemiluminescent24,25 imaging agents based on 

this approach have been reported. While many strides have been made in fluorescence 

technology for hypoxia imaging, chemiluminescence offers a distinct advantage by directly 

generating light from the energy of a chemical bond without requiring an external light 

source or genetic modifications.26 This simplifies experiments and inherently increases 

sensitivity and tissue imaging depth by drastically attenuating autofluorescence and light 

scattering effects.27,28 Indeed, recent advances in triggered spiroadamantane 1,2-dioxetane 

chemiluminescence technology have allowed for high quantum yields in aqueous systems,
29–31 and have been applied for the detection of peroxynitrite,32 nitroxyl,33 formaldehyde,34 

prodrug release,35 cathepsin B,36 NQO1,37 transition metals,38 and other analytes.27

Here, we use enzymatic reduction of a nitroaromatic moiety to trigger light emission for the 

development of Hypoxia ChemiLuminescence probe 3 (HyCL-3) and HyCL-4-AM (Scheme 

l). While previously reported HyCL-224 and CL-NTR25 were demonstrated to be responsive 

to tissue oxygenation in vitro and in animal experiments, none of these probes were 

successfully employed in cells and only limited data was acquired for animal imaging. In 

this study, we evaluate HyCL-3 and HyCL-4-AM as chemiluminescent reporters for hypoxia 

in vitro, in cellulo, and in vivo. Importantly, we demonstrate that incorporation of an 

acetoxymethyl (AM) ester dramatically improves operation in cellular systems and increases 

the response in whole animal tumor xenograft models versus previously disclosed 

chemiluminescent probes.

EXPERIMENTAL SECTION

General Synthetic Methods.

All reactions were performed in dried glassware under an atmosphere of dry N2. Reagents 

were purchased from Sigma-Aldrich (St. Louis, MO), Alfa Aesar (Ward Hill, MA), EMD 

Millipore (Billerica, MA), Oakwood Chemical (West Columbia, SC), and Cayman Chemical 

(Ann Arbor, MI) and used without further purification. 1H NMR and 13C NMR spectra for 

characterization of new compounds and monitoring reactions were collected in CDCl3 

(Cambridge Isotope Laboratories, Cambridge, MA) on a JEOL 500 MHz spectrometer or a 

Bruker 400 MHz spectrometer in the Department of Chemistry at Southern Methodist 

University. All chemical shifts are reported in the standard notation of parts per million 

using the peak of residual proton signals of the deuterated solvent as an internal reference. 

High resolution mass spectroscopy was performed on a Shimadzu IT-TOF (ESI source) at 

the Shimadzu Center for Advanced Analytical Chemistry at the University of Texas, 

Arlington and low resolution mass spectroscopy was performed on an Advion CMS (ESI 

source) at Southern Methodist University. Detailed synthetic procedures can be found in the 

Supporting Information.
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Chemiluminescence Response of HyCL-3 and HyCL-4-AM to NTR and NADH and Rat Liver 
Microsomes (RLM).

Chemiluminescent emission wavelength spectra were acquired using a Hitachi F-7000 

fluorescence spectrophotometer via the luminescence detection module and scanning 

luminescence emission from 400–700 nm in response to NTR and NADH. Final 

concentrations of 200 μM NADH, 1 μg mL−1 nitroreductase from Escherichia coli (NTR, 

Sigma-Aldrich N9284–1MG) in DI-H2O, and 10 μM HyCL-3 or HyCL-4-AM were added 

to a solution of 20 mM PBS buffered to pH 7.41. A final concentration of 1 U mL−1 pig liver 

esterase (PLE) was also added for HyCL-4-AM reads. Scans were acquired using the 

wavelength scan module 10 min after addition of the probe to the solution. Dose dependent 

responses to NTR and NADH for HyCL-3 and HyCL-4-AM from 0 to 1000 ng mL−1 NTR 

were acquired using a Cytation 5 BioTek plate reader via the luminescence detection mode, 

end point read type. The temperature was set at 37 °C under ambient atmosphere. The gain 

was set at 135 and the read height was set at 4.5 mm. In a 96-well plate, 10 μM HyCL-3 or 

HyCL-4-AM in 20 mM PBS buffered to pH 7.4, containing ≤1% DMSO, were treated 0–

1000 ng mL−1 NTR and 200 μM NADH. A final concentration of 1 U mL−1 PLE was used 

for HyCL-4-AM reads. Luminescence emission was measured for 4 h. Rat liver microsome 

experiments were conducted in a 96-well plate using final concentrations of 200 μg mL−1 

RLM, 50 μM NADPH, and 20 μM HyCL-3 or HyCL-4-AM in 20 mM PBS (pH 7.4). The 

plate was then placed into a Cytation 5 BioTek plate reader. The luminescence was recorded 

using the luminescence detection mode, end point read type, and setting gain to 135 and 

temperature to 37 °C for 4 h. Control experiments with probe alone were performed in a 

separate plate to avoid increased background due to light leakage. Reported values are the 

average of three technical replicates.

Selectivity Studies of HyCL-3 and HyCL-4-AM.

Selectivity for HyCL-3 and HyCL-4-AM was measured by monitoring the time-dependent 

full-spectrum chemiluminescent emission using a Cytation 5 BioTek plate reader (Winooski, 

VT) using the luminescence detection method, end point read type, and setting gain to 135 

and temperature to 37 °C. All assays were performed in 20 mM PBS buffered to pH 7.4. All 

analytes were tested with a final concentration of 200 μM for all metal species, 5 mM for 

GSH, 1 mM for cysteine, and 200 μM for Na2S. Reported values are the average of three 

technical replicates from 0 to 50 at 10 min increments. Further details can be found in the 

Supporting Information.

Cell Culture Conditions and Hypoxia Studies.

Human lung adenocarcinoma epithelial cells (A549) cells were purchased from ATCC and 

cultured in Ham’s F-12K (Kaighn’s) medium supplemented with 10% fetal bovine serum 

(FBS) and 1% antibiotics (penicillin/streptomycin, 100 U/mL). Cells were maintained in a 

humidified incubator at 37 °C with 5% CO2. One or 2 days before the experiment, cells 

were passaged and plated on Costar 12-well plates by adding 150 K–200 K of cells per well, 

filling each well up to 1 mL of medium. Chemiluminescence responses were measured using 

a Cytation 5 BioTek plate reader. Before imaging, the medium was removed upon 90%—

95% confluency and the cells were washed with 1 mL PBS. Each well was filled with 996 
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μL F-12K media. Then, 4 μL of 10 mM HyCL-4-AM or HyCL-3 in DMSO (40 μM final 

concentration) was added to each well and immediately placed into a Cytation 5 BioTek 

plate reader. The luminescence was recorded using the luminescence detection mode, end 

point read type. The temperature was set at 37 °C, O2 level was set to 0.5%–1% or 20%, and 

CO2 was set at 5%. Each experiment consisted of three technical replicates for each 

condition, and each experiment was repeated with three or four biological replicates on 

separate days. The reported chemiluminescence intensity values are the average of a total of 

9–12 wells across three or four biological replicates.

Hypoxia Imaging in Living Mice.

The UT Southwestern Institutional Animal Care and Use Committee approved these 

investigations under Animal Protocol Number (APN #2017–102329). Tumor xenografts 

were established by subcutaneous injection of MDA-MB-231 cells into the flanks of 

athymic nude mice. Mice were placed on a breathing regimen of 16% or 100% O2 for 10 

min, then anesthetized and maintained using inhalation of 2.5% isoflurane, while breathing 

16% or 100% O2. The anesthetized mice were administered intratumoral (IT) or 

intramuscular (IM) injections of 30 μL, of 120 μM HyCL-4AM (20 mM PBS buffer 

containing 2.4% DMSO). Images were acquired every 60 s using a Caliper Xenogen IVTS 

Spectrum (PerkinElmer, Santa Clara, CA) with auto exposure, medium binning, f-stop set to 

1, blocked excitation, open emission, FOV set to C, and height set to 1.5. Reported values 

are the average photon flux from three to six mice.

RESULTS AND DISCUSSION

Design and Synthesis of HyCL-3 and HyCL-4 AM.

In previous work, our lab has shown the efficacy of reaction-based hypoxia probes with 

HyCL-2.24 This features a chemiluminescent 1,2-dioxetane scaffold masked by a para-

nitrobenzyl group through an ether linkage. This para-nitrobenzyl group undergoes self-

immolative cleavage in response to enzymatic reduction from nitroreductase enzymes. The 

released phenolate-dioxetane species undergoes decomposition and concomitant 

luminescence emission via a chemically initiated electron exchange luminescence (CIEEL) 

mechanism. In continuation of our efforts to develop chemiluminescent probes for tumor 

hypoxia imaging, we sought methods to increase probe sensitivity for cellular 

measurements. We took a multifaceted approach to this challenge and designed HyCL-3 and 

HyCL-4-AM, which we hypothesized would increase sensitivity through increased 

chemiluminescence quantum yields, as well as using an acetoxymethyl (AM) ester to 

improve cellular uptake (Scheme l). A control compound HyCL-4-AM-Cont without the 

nitroaromatic trigger was also designed to control for effects unrelated to nitroaromatic 

group reduction.

HyCL-3 was prepared by Mitsunobu coupling of acrylonitrile phenol 1 and para-nitrobenzyl 

alcohol, followed by subsequent [2 + 2] cycloaddition with photogenerated singlet oxygen 

using Rose bengal as a photosensitizer (Scheme 2). Synthesis of HyCL-4-AM began with an 

SN2 reaction of phenol 2 and para-nitrobenzyl tosylate, followed by hydrolysis of the methyl 

ester to yield carboxylic acid 3. We then appended the acetoxymethyl ester through an SN2 
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reaction with bromomethyl acetate. Finally, we subjected this precursor to a [2 + 2] 

cycloaddition with singlet oxygen to achieve HyCL-4-AM. The control compound, HyCL-4-

AM-Cont was prepared using analogous procedures using benzyl bromide in place of para-

nitrobenzyl tosylate.

Upon synthesis of HyCL-3 and HyCL-4-AM, their responses toward bacterial nitroreductase 

and cofactor reduced nicotinamide adenosine dinucleotide (NADH) were examined (Figure 

1). Luminescence emission spectra for HyCL-3 and HyCL-4-AM were collected using an 

F-7000 Hitachi spectrophotometer by treating 10 μM HyCL-3 with 1 μg mL−1 

nitroreductase (NTR) and 0.2 mM NADH in 20 mM PBS buffer, revealing an emission peak 

centered at 525 nm (Figure 1A), whereas 10 μM HyCL-4-AM shows an emission maximum 

at 516 nm when treated with 1 μg mL−1 NTR, 0.2 mM NADH, and 1 U mL−1 esterase to 

cleave the AM ester (Figure 1B). The dose dependence of the luminescence emission with 

regard to nitroreductase was evaluated from 0–1 μg mL−1NTR for HyCL-3 and HyCL-4-

AM using a luminescence plate reader (Figure 1C). While HyCL-4-AM showed a clear dose 

dependence under these conditions, the relative emission intensity for HyCL-3 was much 

lower and higher enzyme concentrations were required to observe a dose-dependence 

(Figure S1). The time-course of the chemiluminescence emission of HyCL-4-AM reached a 

maximum at around 15 min (Figure 1D). The reaction products of HyCL-3 and HyCL-4-

AM were analyzed by GC/MS and a peak definitively assigned to 2-adamantanone (m/z = 
150.1, M+•) as well as one tentatively assigned to (4-(hydroxyamino)phenyl)-methanol (m/z 
= 138.8, M+•) were found for both probes (Figures S2–S5).

We next studied the in vitro response to rat liver microsomes (RLM), a more relevant model 

to mammalian hypoxia due to the prevalence of cytochrome P450 reductases in the RLM 

(Figure 2). Solutions of 20 μM HyCL-3 with 50 μM cofactor reduced nicotinamide adenine 

dinucleotide phosphate (NADPH) and 200 μg mL−1 RLM in 20 mM PBS (pH = 7.41) were 

incubated for 4 h at 37 °C and compared against solutions of only 20 μM HyCL-3 in 20 mM 

PBS (pH = 7.4) as a negative control. Under these conditions, HyCL-3 showed a 37-fold 

increase in peak luminescence at 80 min versus the control, and a glow that persisted for 

more than 4 h (Figure 2A). By comparison, the same experiment with 20 μM HyCL-4-AM, 

which showed a more rapid onset of the peak intensity after 20 min, with a phenomenal 

60,000-fold increase in luminescence intensity versus the probe alone (Figure 2B).39 

Knowing that HyCL-3 and HyCL-4-AM were sensitive to enzymatic reduction by RLM and 

NTR, we performed selectivity studies with other biologically relevant reductive species, 

including metal cations and nucleophilic thiols. The response of 20 μM HyCL-3 or HyCL-4-

AM to RLM was monitored against analytes in PBS buffer (20 mM, pH = 7.4) by adding 

200 μM Cul, 200 μM Cu(OTf)2, 200 μM Fe(OTf)2, 200 μM Fe(OTf)3, 200 μM Mn(OTf)2, 

200 μM Co(OAc)2, 200 μM Ni(OTf)2, 200 μM Zn(OAc)2, 5 mM reduced glutathione 

(GSH), 1 mM L-cysteine, or 200 μM Na2S (Figure 2C,D). Both HyCL-3 and HyCL-4-AM 

showed good selectivity and no significant increase in luminescence intensity toward any of 

the selected species over the blank control.

Given that HyCL-4-AM exhibited higher sensitivity than HyCL-3, we decided to proceed 

with HyCL-4-AM as our primary agent for hypoxia detection in cellular models (see Figure 

S6 for HyCL-3 cellular data). We first tested the cellular toxicity of HyCL-4-AM using an 
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MTT assay, which showed no significant reduction to cell growth at the tested 

concentrations (Figure S7). Next we tested whether HyCL-4-AM could distinguish hypoxic 

and normoxic conditions in A549 cells. Cells in 12-well plates were treated with 40 μM 

HyCL-4-AM or 40 μM HyCL-4-AM and 500 μM diphenyleneiodonium chloride (DPI, a 

broad spectrum inhibitor of cytochrome P450 reductase)40 and directly placed into a 

luminescence plate reader at 37 °C with 5% CO2 and either 1% or 20% O2 conditions for 20 

h. In all conditions, HyCL-4-AM showed an emission maximum after approximately 1 h 

(Figure 3A,B). Interestingly, HyCL-4-AM exhibited a sharp decline from intensity 

maximum over 7 h to near baseline values when incubated at 1% O2(Figure 3A), whereas a 

slower decrease in chemiluminescence intensity over 19 h was observed in cells that were 

monitored under a 20% O2 atmosphere (Figure 3B). Comparison to the cellular response of 

the carboxylate HyCL-4 demonstrated the dramatic effect of the acetoxymethyl ester for 

efficient cellular operation (Figure S8). While HyCL-4-AM showed a clear response over 4 

h in the presence of A549 cells, with no response from cell culture media in the absence of 

cells (Figure S8A), HyCL-4 showed only a very bright background that rapidly decays with 

no clear difference in the presence or absence of cells (Figure S8B). Furthermore, treatment 

with 500 μM DPI at 1% O2 slows the decay and yields a result indistinguishable from the 

response at 20% O2 (Figure 3A,B), demonstrating that DPI has an effect similar to that of 

O2. Comparison of the cellular response of HyCL-4-AM at 1% versus 20% O2 showed a 

highly significant and reproducible reduction in luminescence emission under hypoxic 

conditions (Figure 3C,D).

This, at first, appears contradictory to established literature on biological nitroaromatic 

reduction chemistry, but can be understood when considering the kinetics of 

chemiluminescence emission. The rate of chemiluminescence decomposition of the acrylic 

acid dioxetane phenol released by HyCL-4-AM was measured to be 5.47 × 10−3 s−1 and 

completely decayed within 15 min at pH 7.4 (Figure S9A), approximately ten times more 

rapidly than the acrylonitrile dioxetane phenol (Figure S9B). In cells, it takes more than 150 

min for the signal decay, indicating that nitroaromatic group reduction is the rate-limiting 

step for producing chemiluminescence. We modeled the cellular chemiluminescence 

response as an X to Y to Z consecutive reaction (Figure S10), where the first rate constant k1 

accounts for cell uptake and ester cleavage and the second rate constant k2 accounts for the 

rate of chemiluminescence emission, which is limited by the rate of nitroaromatic reduction. 

This is modeled by the rate eq 1, where y is the relative emission intensity, k1 is the rate of 

cell uptake and ester cleavage, k2 is the rate of nitroaromatic group reduction, A is a 

parameter proportional to the initial concentration of the probe, and B is a parameter to fit 

the background:

y = A
k1

k2 − k1
e

−k1t
e

−k2t
+ B (1)

Fitting the cellular data to this model (Figure S10C,D) shows that the rate constant k1 does 

not significantly change but k2 significantly decreases from 2.82 × 10−4 M−1 s−1 at 1% O2 to 

1.79 × 10−5 M−1 s−1 at 20% O2 (Figure 3E), consistent with O2 inhibition of nitroreductase 
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activity. This model demonstrates that HyCL-4-AM can provide a numerical measure of the 

inhibition of endogenous nitroreductase activity by O2. By comparison, 40 μM HyCL-4-

AM-Cont in A549 cells showed only baseline luminescence emission over the same 

conditions and time span (Figure 3F), confirming the requirement of nitroreductase activity 

for the chemiluminescence response.

After demonstrating that HyCL-4-AM displayed an alteration in chemiluminescence kinetics 

dependent on O2 levels, we sought to investigate its behavior in animal models. We 

subcutaneously implanted the flanks of athymic nude mice with MDA-MB-231 breast 

cancer cells and allowed the tumors to grow to appropriate size for hypoxia testing. The 

mice were set to breathe 16% O2 with 2.5% isoflurane for 10 min and then treated with 30 

μL, of 120 μM HyCL-4-AM via intratumoral (IT) injection. These were compared with mice 

administered with the same amount of HyCL-4-AM via intramuscular (IM) injection. 

Images were acquired every minute for 100 min using an IVIS Spectrum. HyCL-4-AM 

showed a strong output signal with kinetics dictated by the degree of oxygenation of the 

tissue (Figure 4). By comparing the response of chemiluminescence emission over 100 min, 

the decay in signal in the hypoxic tumor tissue at 16% O2 was faster than in the well 

oxygenated muscle tissue (Figure 4A), consistent with the results of our cellular studies.

Hyperoxic treatments have been explored as a theranostic method to characterize, 

oxygenate, and sensitize tumors.11,41 When mice were set to breath 100% O2, the response 

of HyCL-4-AM returned to the values of the IM injection, showing that hyperoxic treatment 

can reoxygenate tumors and this tumor response can be monitored using HyCL-4-AM 

(Figure 4B). Comparison between IT injections with mice breathing 16% O2 versus 100% 

O2 showed that, on average, signal decayed more rapidly when mice breathe 16% O2 

(Figure 4C). It was observed, however, that different tumors responded differently to 

hyperoxic treatment, indicating potential for HyCL-4-AM to differentiate between tumors 

that respond to hyperoxic treatment from those that do not. Representative images from mice 

60 min after injection showed differentiation between hypoxic and well oxygenated tissues 

(Figure 4D–F). Overall, these results show that HyCL-4-AM can effectively distinguish 

hypoxic tumors from healthy tissue in vivo.

CONCLUSIONS

In conclusion, we have synthesized HyCL-3 and HyCL-4-AM as chemiluminescent 

indicators of hypoxia in cellular and animal models. Both probes are selective for enzymatic 

reduction of the nitroaromatic group as exhibited through reaction with bacterial 

nitroreductase and NADH as well as rat liver microsomes in conjunction with NADPH. Due 

to increased sensitivity, HyCL-4-AM was further tested in cells, where it exhibited a highly 

significant difference in chemiluminescence emission when cells were subjected to hypoxic 

conditions as compared to normoxic conditions. Furthermore, robust animal studies 

demonstrated the ability of HyCL-4-AM to measure and image hypoxia in tumor xenograft 

models. The observed inhibition of reductase activity in oxygenated tissue is consistent with 

the response expected from one-electron mammalian reductase enzymes and is unlikely to 

be due to oxygen-independent bacterial nitroreductase activity. In comparison to the recently 

published CL-NTR,25 the inclusion of the AM ester moiety provides a drastic increase in 
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sensitivity and response due to increased cell uptake. This opens up the possibility of high 

throughput cell experiments that have thus far not been reported for previous 

chemiluminescent probes HyCL-224 and CL-NTR.25 HyCL-4-AM provides a maximum 

photon flux of more than 1 × 107 photons s−1 in tumor xenografts, which is ca. 1000-fold 

greater than previously reported chemiluminescent hypoxia probes.24,25 This kinetics-based 

approach to monitoring cellular hypoxia is a significant advance in chemiluminescence 

detection technology since the reaction kinetics are less dependent on tumor size and depth 

of injection, which can vary greatly between experiments and could explain potential 

differences in results from less sensitive probes. This study establishes that HyCL-4-AM is a 

highly reproducible tool to investigate hypoxia in cells and has efficacy in monitoring tumor 

oxygenation in animal models. More generally, we showed that installation of an AM ester 

provides a versatile strategy for using 1,2-dioxetane probes in cellular systems.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Response of HyCL-3 and HyCL-4-AM. Chemiluminescence emission spectra of (A) 10 μM 

HyCL-3 (blue trace) before and (red trace) after treatment with 1 μg mL−1 NTR and 0.2 mM 

NADH and (D) 10 μM HyCL-4-AM (blue trace) before and (red trace) after treatment with 

1 μg mL−1 NTR, 0.2 mM NADH, and 1 U mL−1PLE. (C) Integrated emission intensity of 10 

μM HyCL-4-AM (red trace) or HyCL-3 (blue trace) alone or with 200–1000 ng mL−1 NTR 

and 0.2 mM NADH. PLE (1 U mL−1) was added for HyCL-4-AM. (D) Time-course of the 

chemiluminescence emission of 10 μM HyCL-4-AM alone (blue trace) or with 200, 400, 

600, 800, and (red trace) 1000 ng mL−1 NTR, 0.2 mM NADH, and 1 U mL−1 PLE. All 

experiments were performed in 20 mM PBS (pH 7.4) containing ≤1% DMSO. Error bars are 

± SD.
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Figure 2. 
Selectivity of HyCL-3 ad HyCL-4-AM. Response of (A) 20 μM HyCL-3 in the (blue trace) 

absence and (red trace) presence of 200 μg mL−1 rat liver microsomes (RLM) and 50 μM 

NADPH and (B) 20 μM HyCL-4-AM in the (blue trace) absence and (red trace) presence of 

200 μg mL−1 rat liver microsomes (RLM) and 50 μM NADPH. Response of (C) 20 μM 

HyCL-3 and (D) 20 μM HyCL-4-AM to the indicated analytes from 0 to (red bars) 50 at 10 

min increments. All experiments were performed in 10 mM PBS (pH 7.4) containing ≤1% 

DMSO. Error bars are ± SD.
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Figure 3. 
Measuring hypoxia in living A549 cells. (A–C) Time-course of the chemiluminescence 

emission of A549 cells incubated with 40 μM HyCL-4-AM at 1% O2 or 20% O2 in the 

presence or absence of DPI. (D) Chemiluminescence emission intensity at 300 min of A549 

cells incubated with 40 μM HyCL-4-AM at 1% O2 or 20% O2. (E) Measured rate constants 

for the cellular response of HyCL-4-AM. (F) Time-course of the chemiluminescence 

emission of A549 cells incubated with 40 μM HyCL-4-AM-Cont at 20% O2 in the presence 

or absence of DPI. All experiments were performed in F12K containing 10% FBS and ≤1% 

DMSO. Error bars are ± SD. Statistical significance was assessed using a two-tailed 

Student’s t test. **p < 0.005 (n = 3–4 biological replicates), ***p < 5 × 10−6 (n =9–12 wells 

across 3–4 biological replicates).
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Figure 4. 
Measuring oxygenation in healthy muscle tissue and tumor xenografts. (A–C) Time course 

of the chemiluminescence emission of 30 of 120 μM HyCL-4-AM in 20 mM PBS (pH 7.4) 

containing 2.4% DMSO in athymic nude mice after intramuscular (IM) injection into the 

flank, intratumoral injection while mice were breathing 16% O2 (IT, 16% O2), and 

intratumoral injection while mice were breathing 100% O2 (IT, 100%). (D) Photon flux and 

(E) chemiluminescence images of athymic nude mice 60 min after IM injection, IT injection 

while mouse breathed 16% O2, and after IT injection while mouse breathed 100% O2. Error 

bars are ± SE from n = 3–6 mice. Statistical significance was assessed using a two-tailed 

Student’s t test. *p < 0.05.
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Scheme 1. 
Probe Designs and Sensing Reactions for HyCL-3, HyCL-4-AM, and HyCL-4-AM-Cont).
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Scheme 2. 
Synthesis of HyCL-3, HyCL-4-AM, and HyCL-4-AM-Cont
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