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Abstract 

State-of-the art photoactivation strategies in chemical biology provide spatiotemporal control 

and visualization of biological processes. However, using high energy light (l < 500 nm) for 

substrate or photocatalyst sensitization can lead to background activation of photoactive small 

molecule probes and reduce its efficacy in complex biological environments. Here we describe 

the development of targeted aryl azide activation via deep red light (l = 660 nm) photoredox 

catalysis and its use in photocatalyzed proximity labeling. We demonstrate that aryl azides are 

converted to triplet nitrenes via a novel redox-centric mechanism and show that its spatially 

localized-formation requires both red light and a photocatalyst-targeting modality. This 

technology was applied in different colon cancer cell systems for targeted protein environment 

labeling of epithelial cell adhesion molecule (EpCAM). We identified a small subset of proteins 

with previously known and unknown association to EpCAM, including CDH3, a clinically 

relevant protein that shares high tumor selective expression with EpCAM. 
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Introduction 

New targeted activation strategies are essential for uncovering fundamental biological 

processes that inspire clinical applications. From methods that enable cellular microenvironment 

mapping to technologies that hijack biological machinery, fulfilling this translational promise 

requires a deep understanding of the chemical principles that underlie these tools. A prime 

example is the use of aryl azides which has widespread use in many chemical biology-based 

applications within the context of photoaffinity labeling (PAL)1,2, photo-uncaging3,4, protein 

conjugation5,6,7,8, protein cross-linking9, and enzyme-mediated protein labeling10. Of these 

approaches, the ability to activate aryl azides via ultraviolet (UV) or visible light irradiation has 

surfaced as a highly attractive approach for labeling, uncaging, or conjugation (Figure 1A). 

However, limitations such as unselective/background labeling, a requirement for high energy 

light, and the generation of multiple reaction pathways from current photoactivation methods 

restrict downstream biological applications. As a consequence, direct photolysis presents 

challenges for activation of aryl azides in a spatially-controlled manner. This has important 

implications for profiling protein interactions within complex physiological environments. Thus, 

low-energy light driven technologies that enable spatio-temporal activation of aryl azides are 

highly desirable. 

The identity of the aryl azide plays an important role in determining the photoactivation 

reaction pathways (Figure 1B). For example, singlet aryl nitrene (1) (𝑡!/#~ 1–10 ns)11 is formed 

via UV photolysis of unsubstituted aryl azides. This leads to rapid two-step rearrangement to the 

benzazirine and subsequent ring-expansion to a long-lived 7-membered ketenimine (2) that is 

susceptible to hydrolysis or nucleophilic trapping (𝑡!/#~ 5 ms–1 s depending on the 
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concentration of intercepting species)12,13,14. To overcome this limitation, perfluorinated aryl 

azides (PFAA) have been adopted15,16 to enable complementary reactivity through the singlet 

nitrene, leading to N-centered covalent adducts17,18. This intermediate can additionally relax via 

intersystem crossing (ISC) (kISC ~ 106–107 s–1)19 to a triplet nitrene20,21, which has divergent 

reactivity relative to its singlet form17,21,22. Given that multiple reactive pathways are generated 

through direct high energy light photoactivation, identifying methods that incorporate lower 

energy light systems and do not directly activate aryl azides (Figure 1B), would allow for a 

targeted activation platform in physiologically relevant environments. 

 Visible-light photocatalysis is an emerging strategy for probing complex biological systems 

as the selective delivery of photons enables catalytic, chromoselective substrate activation via 

the controlled formation of high-energy species that covalently bind to desired biomolecule 

targets.23 To fully realize the potential of visible light, a paradigm shift in photoactivation must 

turn focus from substrate to catalyst, and low energy wavelengths of light—ideally in the deep 

red (DR) or near-infrared (NIR) range (l > 600 nm)— used to maximize the physiological relevance 

of photocatalytic applications. To achieve this goal, the discovery and implementation of new 

systems involving localized, catalytic activation of latent chemical probes will be key. In particular, 

recent endeavors of photoredox catalysis via light-induced electron transfer (ET) or energy 

transfer (EnT) into chemical biology have been particularly fruitful, leading to early-stage 

applications for cancer phototherapy24 and proximity labeling25. In the latter example, carbene 

intermediates are used, as they offer a tight labeling radius (t1/2~ 4 ns), but suffer from 

background quenching with water and oxygen in their singlet and triplet forms, respectively.26 

Replacing these reactive species with triplet nitrenes, which are less sensitive to reactions with 
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oxygen17,27 and protic solvents18, will improve reactivity with biomolecules in complex 

physiological environments relative to carbenes. Additionally, versatility of aryl azides beyond 

proximity labeling, especially within the context of targeted photo-uncaging via azide-to-aniline 

reduction, should encourage exploratory efforts into new mechanisms for aryl azide activation 

and localized drug delivery.4 

Although photocatalytic approaches utilizing high-energy blue light (450 nm) to form the 

nitrene intermediate via ET28 or EnT29,30 mechanisms have been reported, the potential for direct 

photoactivation of aryl azides through these methods hinder their utility for probing biological 

environments in a targeted fashion. In view of this limitation, we sought to develop a new low 

energy light-based catalytic platform for biomolecule labeling via triplet nitrene generation 

(Figure 1C). Recently, we disclosed a method for DR and NIR photoredox catalysis where osmium 

photocatalysts harvest low-energy light to facilitate synthetic reactions via ET and EnT31. We 

therefore envisioned a DR light-based photocatalytic labeling approach in which an osmium 

complex is tethered to a targeting modality for localized generation of reactive triplet nitrene 

species within the desired region of a complex biological system (Figure 1D).  Given the inherent 

value of understanding protein communities within disease states such a technology would 

unlock new strategies for selective therapeutic development. With this in mind, here we report 

the development of a DR light-mediated photoredox technology and use it to profile the local 

protein environment of EpCAM, a tumor selective antigen, within different colon cancer 

monoculture, spheroid, and dissociated tumor tissue cell systems. 
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Figure 1. (A) Contemporary uses for azide photolysis in chemical biology. (B) Mechanism of azide 
photolysis and relevant intermediates. (C) Leveraging electron- or energy transfer mechanisms 
associated with deep red and near-infrared photoredox catalysis for azide activation. (D) 
Targeted azide activation for biological labeling with red light. 
 

 

Results 

 To examine the impact of blue light irradiation on background azide activation (Figure 

2A), we performed a trapping experiment with nonfluorinated azide 3, which is known to form a 

ketenimine intermediate upon photolysis. Using 468 nm LEDs, we observed 85% yield of azepine 

4 alongside a 5% yield of aniline 5. This result was surprising as it suggests that irradiating the 

absorption region tail of azide 3 is sufficient to induce azide photolysis (Figure 2B). To understand 

the role of a photocatalyst in the activation mechanism, we next irradiated azide 3 in the 
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presence of catalytic iridium photocatalyst (6) — a well-documented triplet sensitizer with an 

excited state oxidation potential (E(IrIV/III*) = –0.89 V vs SCE) insufficient for ET-mediated azide 

activation. Contrary to expected azepine product, we instead isolated aniline 5 in 75% yield, with 

only 3% of 4 observed. This result suggests that aryl azide activation via energy transfer results 

in triplet nitrene formation that does not produce the ketenimine intermediate as recently 

proposed.30 Noting that one-electron reduction pathways can lead to aniline formation, we used 

an osmium photocatalyst (7) with a greater redox match (E(OsIII/II*) = –1.05 V vs SCE) with the 

azide reduction potential (Ep/2 = –1.25 V vs SCE), and obtained 5 in 85% yield when irradiated with 

468 nm LEDs. Given the broadband absorption of photocatalyst 7 and its defined triplet metal-

ligand charge transfer (3MLCT) band in the 530–700 nm range (Figure 2B), we were interested in 

the effects of decoupling azide light- and redox-dependent activation pathways. When the azide 

is irradiated with 660 nm LEDs in the absence of photocatalyst, full recovery of the azide is 

observed (see supplemental information) whereas when 7 is added, 50% conversion of 3 to 5 is 

observed. These results reveal that (1) no background activation is observed under red light 

irradiation, (2) light and redox decoupling is unviable when using blue light, (3) an exergonic 

redox match between the photocatalyst and azide may be necessary for efficient activation. To 

investigate this latter point, we examined the conversion of perfluorinated azide 8 (Ep/2 = –0.79 

V vs. SCE) to aniline 9, and found that quantitative formation of 9 was observed in an hour, with 

2-hydroxytetrahydrofuran as the only byproduct (Figure 2C). The reaction is dependent on the 

reducing ability of the photocatalyst rather than triplet energy as photocatalysts 10 and 11, which 

have similar triplet energies but lower E(OsIII/II*), are less efficient at converting the azide to 

aniline.  
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Importantly, we further found this aniline reduction method displays broad substrate 

compatibility within the context of PFAA featuring several commonly-used bio-orthogonal 

probes (Figure 2D). Simple functional groups such as benzamide (12), benzyl alcohol (13), nitrile 

(14), biotin (15), sugar (16–19), and tryptamine (20) substrates are unaffected, with the aniline 

obtained in near quantitative yields. Bioorthogonal groups such as alkyl azide (21) and alkyne (22) 

are also unreactive, with the former example notable as the conditions developed by Liu and 

coworkers activate both alkyl and aryl azides28. Alkyl diazirine (23) is also compatible with the 

reduction, highlighting the potential for achieving tandem photoactivation using diazirine and 

PFAA as complementary photoactivatable groups. Finally, we found that this photocatalytic 

reduction strategy could also be used for prodrug release, as exemplified by catalytic uncaging of 

PFAA-bound hydroxycoumarin, sugars, and doxorubicin (Figure S1). 
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Figure 2. (A) Mechanistic investigations into the photolysis and catalytic activation of azides, 
isolated yields in parentheses. (B) Overlaid absorption spectrums of unsubstituted azide 3, 
perfluorinated azide 8, and osmium photocatalyst 7. (C) Azide-to-aniline reduction studies 
suggest an electron transfer pathway is necessary. (D) Broad substrate compatibility is observed 
for azide-to-aniline reduction (See supplemental information for experimental conditions, 19F 
NMR yields in parentheses). 
 

 

 We next undertook density functional theory (DFT) calculations to elucidate the potential 

mechanism for obtaining triplet nitrene. We ruled out Dexter EnT as a viable pathway as the 

vertical and adiabatic singlet-to-triplet energies (ΔG = 88.3 and 63.3 kcal/mol respectively) 

necessary for obtaining the triplet azide 25 are significantly greater than the triplet energy of the 

osmium photocatalyst 7 (ΔG = 44.8 kcal/mol).32 By contrast, we found an ET transfer mechanism 

to be energetically favorable as the reduced azide (26) could be significantly stabilized through 
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both solvation and fluorination (Figure 3A). Additionally, we found that the barrier to N2 

dissociation upon reduction is minimal (Figure 3B) and, as expected, N2 loss is highly exothermic 

(Figure 3A). Subsequent exothermic re-oxidation of the reduced nitrene (27) by 7+ then reveals 

the triplet nitrene (28). Thus, we propose a photoredox-catalyzed, stepwise reduction-

dissociation-oxidation pathway occurs (Figure 3C), taking advantage of the stability of charged 

intermediates to form triplet nitrene 28. This novel mechanism is further supported by qualitative 

trends with solvation and fluorination; using a solvent with a lower dielectric constant or 

replacing fluorine with hydrogen raises the energy of the anionic azide (whereas the triplet 

energy remains approximately identical), resulting in a lower reaction completion rate (Figure S2, 

and Table S1).  

 

 

 

 



10 
 

   

Figure 3. (A) Density functional theory analyses of azide-to-triplet nitrene pathways via electron 
transfer or triplet Dexter energy transfer. (B) Computational model for electron-transfer-
mediated N2 dissociation from the azide. (C) Putative mechanism for accessing triplet nitrenes 
via a redox-neutral photoredox cycle. 
 

 

To further confirm the triplet nitrene pathway, we compared the product distributions 

for our method against UV- or blue-light photolysis for toluene (Figure 4, top) and dimethyl 

sulfoxide (Figure 4, bottom). UV photolysis of 8 in the presence of toluene yields a mixture of aryl 

and benzylic amination products (29 and 30 respectively), whereas our DR photoredox method 

yields only the benzylic C–H insertion product from toluene, as well as azobenzene 31. Observing 

the latter product is important as it is indicative of triplet nitrene formation11,21. Blue-light 

photolysis of 8 in dimethyl sulfoxide leads to quantitative formation of sulfoximine 32 whereas 

our DR photoredox method yields a 1:1 mixture of 31 and 32. Furthermore, investigation of 

additional reaction partners reveals general reactivity with C(sp3)–H bonds, alkenes, and sulfides 
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with azide 8 under DR photoredox conditions (Figure S3), suggesting the utility of exploiting 

triplet perfluoroaryl nitrenes to label within biological environments where many of these 

functional groups can be found. Taken together, these results show that our photoredox method 

enables high-energy nitrene formation with low-energy light via a redox mechanism, and the 

resulting triplet perfluorinated aryl nitrenes have similar reactivity to their singlet counterparts, 

although stepwise mechanisms are likely involved.  
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Figure 4. Distinguishing between singlet and triplet nitrene mechanisms for perfluoroaryl azides 
for C–H amination of toluene (top) and imidation of dimethyl sulfoxide (bottom) (See 
supplemental information for experimental conditions, 19F NMR yields are listed in parentheses). 
 

 

Having identified DR photoredox conditions that induce activation of various PFAAs, we 

next investigated the application of this method to achieve covalent protein labeling in aqueous 

buffer conditions. In anticipation of utilizing this photocatalyst system in a targeted fashion 

within biological environments, we designed an osmium photocatalyst containing an alkyne 

linker for easy attachment to targeting modalities (Figure S4). As a proof-of-concept experiment, 

we combined carbonic anhydrase (CA) with PFAA-biotin (15) and free osmium-alkyne 

photocatalyst followed by irradiation with red light (660 nm) using a recently developed 

biophotoreactor33 (Figure 5A). Under these conditions, we observed biotinylation of CA in the 

presence of both the photocatalyst and red light whereas the absence of light or the use of red 
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light without photocatalyst does not induce biotinylation (Figure 5B). Comparable results were 

achieved using osmium photocatalysts without the alkyne linker (Figure S5). Also, similar to our 

chemical transformation results in Figure 2, we found that the direct exposure of PFAA to blue 

light led to biotinylation with CA (Figure 5B), further highlighting that background labeling can 

occur from direct activation of aryl azides with higher energy wavelengths of light. Finally, we 

investigated protein labeling as a function of red-light exposure time and observed increasing 

biotinylation levels as a function of light duration confirming the light dependent nature of our 

labeling system (Figure 5C).  
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Figure 5. DR light-mediated protein labeling. A) Schematic depicting labeling of carbonic 
anhydrase in the presence of osmium-alkyne photocatalyst, PFAA-biotin, and red light. B) 
Western blot image of carbonic anhydrase labeled with PFAA-biotin in the presence or absence 
of blue light or presence or absence of red light and photocatalyst. Protein biotinylation is 
observed with red light and photocatalyst as well as blue light alone. Bar plots of replicate analysis 
of protein biotinylation measured by western blot. Error bars represent standard deviation of n 
= 3 experiments. C) Time course of protein biotinylation. Western blot analysis shows increased 
protein labeling over a 30-minute time course. Bar plots of replicate analysis of protein 
biotinylation measured by western blot. Error bars represent standard deviation of n = 3 
experiments.  
 
 
 
 

Light dependent protein labeling via our DR photoredox technology opens the possibility 

to achieve targeted labeling of protein environments within cell-based systems. The high 

expression of EpCAM on many different tumor types has led to intense focus of EpCAM as a 

tumor associated antigen and biomarker34,35. Thus, enhancing our understanding of EpCAM 

cancer cell surface microenvironments can provide additional avenues for development of 
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tumor-selective therapeutics and biomarker-based diagnostics. Accordingly, we targeted EpCAM 

on the surface of colorectal cancer cells in different HCT116 cell systems with our osmium 

photocatalyst followed by irradiation with DR light to induce cell surface biotinylation for 

downstream protein enrichment, mass spectrometry-based proteomics, and bioinformatic 

analysis (Figure 6A). Targeted labeling of EpCAM was performed using a two-antibody system 

that consists of a primary a-EpCAM antibody and secondary antibody labeled with an osmium-

alkyne photocatalyst (Figure S4) that binds to the primary antibody. HCT116 cells were labeled 

with the primary and secondary antibodies followed by addition of PFAA-biotin and DR-light 

irradiation. Similar to our protein labeling experiments, western blot analysis showed increased 

protein biotinylation that correlates with irradiation time (Figure 6B). As a negative control, 

targeted labeling with a non-binding isotype control primary antibody and secondary antibody 

photocatalyst resulted in background levels of protein biotinylation (Figure 6B). To investigate 

the potential of our DR photoredox system to generate reactive oxygen species (ROS) that can 

damage cellular environments, we measured singlet oxygen and hydrogen peroxide generation 

and observed minimal to no ROS increase compared to no light controls (Figures S6 and S7). This 

result was also consistent with the observation that cell viability is not affected by DR-light 

irradiation of cells labeled with the osmium-conjugated antibody system (Figure S8). Collectively, 

these results highlight compatibility of our osmium photocatalyst system for profiling within live 

cell environments.  

With this photocatalytic targeting system in hand, we investigated EpCAM protein 

microenvironments on HCT116 cells within three distinct cell systems. This includes HCT116 cells 

grown in monoculture and detached in single cell suspension, grown in 3-D spheroid culture, or 



16 
 

dissociated cells from mice tumor xenograft tissue (Figure 6A). In each of these cell systems, 

EpCAM targeted biotinylation was performed with our antibody targeting approach followed by 

cell lysis and streptavidin bead-based enrichment of labeled proteins. Streptavidin-enriched 

proteins were then identified and quantified using TMT-based LC-MS/MS proteomic analysis. 

Volcano plot analysis was then performed to identify statistically significant enriched proteins 

that resulted from EpCAM targeting. EpCAM was detected as highly enriched in all three cell 

systems, confirming the ability of our technology to label and enrich the targeted protein (Figure 

S9-S11).  

We next focused our attention on other commonly enriched membrane proteins, in 

addition to EpCAM, identified by our DR photocatalytic labeling technology. The surface proteins 

CD109, CD44, CDCP1, CDH3, DCBLD2, DDR1, DSC2, DSG2, ITGA2, ITGA3, NT5E, PTGFRN were 

enriched in at least two of the tested cell systems with EpCAM, CD44, CDH3, ITGA2, ITGA3 being 

enriched in all three (Figure 6C). The search tool for retrieval of interacting genes (STRING)36 was 

used to obtain protein–protein interaction (PPI) network information for these proteins revealing 

both known and inferred protein interactions (Figure 6D). Further bioinformatic analysis of GO 

terms associated with proteins enriched in two or more cell systems resulted in the identification 

of biological processes associated with EpCAM function that include cellular adhesion, junction 

organization, and migration (Figure S12).  

Additionally, we explored the gene expression profile for these enriched proteins across 

tumor vs normal tissue using data obtained from The Cancer Genome Atlas (TCGA) and 

Genotype-Tissue Expression (GTEx), respectively. Along with EpCAM, several genes (CDH3, DSG2, 

CDCP1, DSC2, and ITGA2) showed increased gene expression levels in tumor over normal tissue 
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(Figure 6E). Given our HCT116 cell system is derived from colorectal cancer, we performed a 

breakdown of gene expression for each of the enriched proteins by tumor indication (Figure 6F) 

and observed increased tumor-associated gene expression across different tumor types including 

increased gene expression in colorectal tumors for EpCAM, CDH3, and DSG2. We further analyzed 

gene co-expression analysis of EpCAM and each of the other enriched genes across individual 

primary tumor colon adenocarcinoma samples from TCGA and healthy colon and large intestine 

samples from GTEX and observed high co-expression with EpCAM in most of the identified hits, 

with the exception of NUP155, CD109 and DCBLD2 (Figure 6G). Of note, co-expression of EPCAM 

with CDH3 appears to be highly specific to primary colon adenocarcinoma tumors over normal 

tissue, highlighting the potential utility of co-targeting these two genes for increased tumor 

specificity in colon adenocarcinomas.  
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Figure 6. DR light-mediated photocatalytic labeling of cellular environments. A) Schematic 
depicting antibody-mediated proximity labeling of EpCAM on the cell surface of different HCT116 
cell systems using the osmium photocatalyst system followed by mass spectrometry-based 
proteomic analysis to identify protein microenvironments for downstream bioinformatic 
analysis. B) Western blot analysis of EpCAM targeted labeling on the surface of HCT116 cells with 
an α-EpCAM or isotype primary antibody and a secondary antibody photocatalyst conjugate. 
Increased protein biotinylation is detected with increased DR-light exposure in the presence of 
the α-EpCAM antibody. C) Venn diagram analysis comparing statistically enriched surface 
proteins identified by proximity labeling in the three different cell systems (total number of 
enriched proteins in each system is indicated in the circle). Proteins with known surface 
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expression37 are highlighted in bold. D) STRING protein interaction network analysis of 
significantly enriched membrane proteins from EpCAM-targeted labeling in different HCT116 cell 
systems.  Line thickness between nodes correlates with experimental evidence of interactions 
from the STRING database.  E) Tumor (TCGA) vs Normal (GTEx) log-fold change of the genes 
enriched in two or more cell systems highlighted in panel C. F) Heatmap showing log2 fold-change 
between tumor vs normal gene expression across the indicated tumor types. G) Scatterplots 
showing co-expression between EpCAM and the indicated gene in primary tumor colon 
adenocarcinoma samples from TCGA (red, n = 290) and healthy colon and large intestine samples 
from GTEX (blue, n = 308). Co-expression is denoted as % tumor samples that expressed both 
genes at TPM > 10, indicating medium/high expression level (blue, dashed line). The effect size 
of tumor versus normal co-expression difference is provided as Cohen h for each gene pair. 
 
 
 
 
Conclusion 

In summary, we developed a novel photoredox strategy to generate high-energy nitrenes 

via low-energy light that proceeds through a redox-neutral electron transfer process. The 

resulting azide activation yields only triplet nitrene and operates solely when osmium 

photocatalyst and red light are used. These prerequisites enable the use of our photocatalytic 

system for targeted labeling applications wherein a photocatalyst can be directed to a cellular 

region of interest for localized activation of aryl azide probes. This strategy has particularly 

important implications for profiling biological environments with high spatiotemporal resolution. 

Accordingly, we applied this photocatalytic system for the targeted labeling of EpCAM on the 

surface of live colorectal cancer cells to identify not only EpCAM, but a small subset of 

neighboring surface proteins. The successful utilization of this platform technology opens the 

possibility to probe other membrane proteins of interest for the development of cell surface-

focused therapeutics and diagnostics. We further anticipate that this mode of triplet nitrene 

activation will uncover new chemical reactivity and invite new applications for synthesis and 
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chemical biology. Accordingly, efforts to further develop photocatalytic-based bioorthogonal 

activation modes that make use of low-energy light in tissue environments are underway. 
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