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Abstract: Recent advances in drug discovery and development have 

been marked by the emergence of new modalities, including small 

molecule theranostic agents. While initial results from clinical trials 

have been promising, modern detectable inhibitors are still in an early 

stage of development. In this study, we present a strategy for 

chemically evolving a fluorescent imaging agent into a potent 

therapeutic entity, which not only retains its properties but also 

enhances its inhibition and detection applicability. By utilizing 15-LOX-

1 as a model system, we leverage prior knowledge of its inhibitors to 

rationally functionalize fluorescein, enabling the targeted and highly 

efficient synthesis of over 20 derivatives across four different scaffolds. 

This approach ultimately led to the development of a potent, cell-

permeable inhibitor that effectively engages its target in live cells and 

enables real-time visualization. These findings validate our new 

strategy for the development of small molecule diagnostic modulators, 

paving the way for application in other targets as well. 

Introduction 

Drug discovery and development has experienced significant 

transformation in recent years, driven by the advent of novel 

chemotypes and the emergence of new therapeutic modalities.[1] 

Researchers have broadened the drug toolbox in a determined 

effort to create the next generation of therapeutics focused on 

previously undruggable targets to address unmet medical 

needs.[2] The development of more sophisticated approaches, 

including innovative drug delivery technologies, has led to a 

paradigm shift, resulting in a number of recent regulatory 

approvals for new types of medicine.[3,4] Over the past five years, 

the traditional toolbox for drug discovery has expanded beyond 

conventional small molecules and biologics. New modalities, 

including bRo5 (beyond the rule of 5) compounds such as RNA 

therapeutics, protein degraders, macrocycles, drug conjugates 

(i.e. antibody-drug and drug-drug conjugates, fluorescence-

labeled drugs) and other multifunctional small molecules, have 

advanced significantly. These have shown clinical success and 

are now being considered early in the target evaluation process.[5–

7] An emerging modality with substantial potential are the small 

molecule theranostic agents;[8,9] multifunctional entities that 

combine therapy and diagnostics in a single molecule in order to 

simultaneously treat and monitor disease progression, as well as 

assess response post-treatment.[10] The diagnostic component 

identifies specific disease characteristics, while the therapeutic 

component treats the disease based on this information. The 

distinctive advantage of theranostics lies in their ability to both 

enable imaging and therapeutic intervention (aside other potential 

enhancements in drug delivery kinetics and efficacy).[11–14] While 

traditional therapeutic agents lack diagnostic capabilities, 

commonly used bifunctional theranostics have not significantly 

advanced in drug development.[15–18] This is largely due to their 

bifunctional design, which often leads to complex synthesis, low 

selectivity and reduced efficacy.[19–22] With the rapid advancement 

of fluorescence microscopy and the widely acknowledged 

importance of small-molecule fluorescent probes in biological 

imaging, drug screening and medical diagnosis,[23–28] developing 

a general workflow that leverages known molecules with one 

primary feature (either therapeutic or diagnostic) and rapidly fine-

tuning them to develop the other feature, without adding a second 

moiety, could lead to theranostics with enhanced properties.  

Herein, we showcase a strategy wherein a fluorescent 

imaging dye undergoes evolution into an efficient therapeutic 

entity, whilst maintaining, or even enhancing, its fluorescent 

properties (the term evolved detectable inhibitor or EDI strategy 

has been coined for this process, Figure 1). As opposed to 

strategies for developing traditional bifunctional fluorescent 

compound, such as activity and affinity-based chemical probes or 

photodynamic agents, we design an approach for rapidly and 

rationally functionalize fluorescein, an imagining agent, based on 

previous knowledge of inhibitors of the model protein human 15-

lipoxygenase-1 (15-LOX-1). Our targeted one-step synthesis 

yielded more than 20 derivatives, spanning four different scaffolds, 

to ultimately leading to the identification of a potent, cell 

permeable, inherently fluorescent inhibitor that engages its target 

in live cells (Figure 1). 
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Figure 1. The workflow for our EDI strategy includes transforming an imaging 

agent, a suitably functionalized fluorescein (Fl), into a potent theranostic tool in 

contrast to standard conjugation strategy with its drawbacks. 

Results and Discussion 

Exploitation of our strategy-Design 

To exploit our strategy, we began with the well-known 

xanthene-based fluorophore fluorescein due to a variety of 

reasons; large molar extinction coefficient, high quantum yield 

and favorable solubility profile in water.[29] In addition, fluorescein 

is already an FDA-approved drug (DB00693)[30] and belongs to 

the WHO’s list of essential medicines.[31] A protein target in which, 

various xanthene and coumarin-based scaffolds have been 

reported as inhibitors is 15-LOX-1.[32] This is a “double-edged 

sword” enzyme possessing a regulatory role in two pathways; it 

gives rise to inflammation and triggers apoptosis (ferroptosis). It 

has been implicated in high impact diseases like asthma, IBD, 

Alzheimer's, Parkinson's, leukemia and colon cancer.[33–42] 

Therefore, fluorescein would serve as very good starting point for 

the development of an unprecedented theranostic tool. 

We constructed an in-house virtual database of known 

xanthene and coumarin-based 15-LOX-1 inhibitors (>110) 

(Supporting Information, .sdf file). This database enabled the 

exploration of the key structural elements, substitution patterns 

and molecular features. A thorough analysis of all these inhibitors 

revealed an optimal specific substitution pattern on the core motif. 

Certain substitution patterns are more beneficial in terms of the 

inhibitors’ efficacy, yielding more potent compounds (see, green 

and red dots, Figure 2A). Hence, we envisioned utilizing 

fluorescein as our main scaffold/hub with the appropriate 

substitution pattern (substitution of the C-3 position is a common 

element for all the inhibitors with an IC50< 10 μΜ) to potentially 

fully occupy the enzyme’s active site and explore possible novel 

interactions. It is noteworthy that a characteristic feature of 

xanthene-based fluorophores in general, and, fluorescein in 

particular, is their pH sensitivity. Due to multiple complex equilibria, 

the ionic form of fluorescein exhibits much stronger fluorescence 

than the uncharged species. Fluorescein exists in equilibrium 

between a closed spirolactone form 1a and an open form 1b 

which is the fluorescent species; moreover, the external phenyl 

moiety at the 9-position should be kept out of the plane of the 

xanthene because it prevents quenching via a photo-induced 

transfer (PeT) mechanism (Figure 2B).[43] Furthermore, electron 

donating groups on the phenyl group cause a significant decrease 

in quantum yield, whereas the phenolic oxygen seems to be 

important for fluorescence.[44]  

 

 

Figure 2. Designing our theranostics. (A) The substitution pattern on xanthene and coumarin-based inhibitors against 15-LOX-1. The green dots demonstrate potent 

inhibitors (IC50 < 10 μΜ), compared to the red ones (IC50 > 10 μΜ); (B) Functionalization of the fluorescein by locking it in its open form while maintaining the 

beneficial oxygen atom on the C-3 position; (C) Further functionalization of the fluorescein core through installation of an isocyano group at the appropriate position; 

(D) Harnessing diverse IMCRs in order to rapidly and efficiently identify the first-in-class fluorescein-based inhibitor. The four scaffolds, derived from the different 

IMCRs, are shown. 
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Multicomponent reaction (MCR) chemistry has become an 

established tool for molecular functionalization and for the 

exploration of uncharted chemical space. Due to its extremely 

convergent character, potential for diversification and, complexity 

enhancement and its effectiveness in the exploration of 

interactions with molecular targets,[45–47] it has become a popular 

and highly effective tool for developing new modalities; including, 

functional chromophores and molecular probes.[48–53] 

Building on this, our objective was to primarily functionalize 

fluorescein, maintaining, or even enhancing, its fluorescent 

features, whilst, on the other hand and in parallel, rendering the 

molecule suitable for integration into the powerful MCR processes. 

Initially, fluorescein was locked in its open form by converting the 

carboxylate to the corresponding ethyl ester 2 using a simple and 

efficient method (Figure 2B). In so doing, we were able to maintain 

the required fluorescence in a pH-independent form, and, at the 

same time, we potentially improve the molecule’s cell permeability 

due to the presence of the flexible ester moiety.[54] Subsequently, 

we utilized linkers of varying lengths to install an isocyanide group 

at the C-3 position, facilitating the targeted isocyanide-based 

MCRs (IMCRs), without removing the important oxygen atom 

(Figure 2C). Isocyanides have garnered significant attention in 

biological applications due to their unique properties and 

distinctive reactivity, as well as their demonstrated ability to 

participate in biomolecule labeling.[55–59] 

In order to explore the chemical space in a more efficient 

manner and, taking into account all of the above regarding both 

fluorescein and the successful substitution pattern of the 15-LOX-

1 inhibitors, we employed four different IMCRs; namely, the Ugi 

four-component (U-4CR),[60] the Ugi tetrazole four-component 

(UT-4CR),[61] the Passerini three-component (P-3CR)[62] and the 

Groebke-Blackburn-Bienaymé three-component (GBB-3CR)[63–65] 

reactions (Figure 2D). The choice of those MCRs was based on 

both the different chemical space that they cover with the distinct 

geometries and shapes of their products[47] and the multitude of 

different functionalities and secondary transformations that we 

have explored for them in past.[66–69] These features of our new 

strategy allowed us to rapidly identify and develop the first-in-

class fluorescein-based inhibitors. 

 

Synthesis 

Accordingly, we performed an esterification reaction in dry 

EtOH with H2SO4 (Scheme 1A).[70–72] The reaction was scalable 

(>25 mmol) and the targeted ethyl ester 2 could be isolated in 

87% yield. Subsequently, utilizing the phenolic oxygen as a 

handle and in the presence of NaHCO3, we successfully 

employed various isocyanotosylates of different sizes in order to 

install the versatile isocyano group as part of a linker unit.[67,73] 15-

LOX-1 is an enzyme that binds extended linear molecules, due its 

natural substrates,[74,75] so the linker unit in these molecules was 

expected to add affinity rather than just being a chemically 

necessary, but neutral addition. In this way, we successfully 

functionalized compound 2 furnishing the isocyano-based 

derivatives 3a-c in yields of 72-79% ready for the incorporation of 

fluorescein into the selected IMCRs to demonstrate the full scope 

of the proposed EDI strategy (Scheme 1A). Through our synthetic 

endeavors, we hoped to achieve as high diversity and complexity 

as possible in the product scaffolds (Scheme 1B).  

The GBB-3CR has attracted tremendous attention over the 

last 5 years as indicated by the multitude of publications and 

patents centered on this reaction manifold.[45,76] The GBB reaction, 

typically occurring between an aldehyde, an isocyanide and a 2-

aminoheterocycle, affords imidazo[1,2-a]heterocycles, privileged 

scaffolds found in many drugs such as zolpidem, miroprofen, 

minodronic acid, olprinone and in many type-I kinase inhibitors.[77] 

We obtained 8 different compounds in yields of 36-67%. The 

reaction has great scope with diverse aldehydes, both aromatic 

(with electron donating and withdrawing groups) and aliphatic 

being suitable for inclusion. Interestingly, we obtained compound 

4g, which bears an additional aldehyde group as a handle for 

further post-MCR modification, without the need for protection 

and deprotection steps (Scheme 1C). The P-3CR, in which an 

oxo-component, carboxylic acid and an isocyanide react together, 

yields very interesting α-acyloxy amides. Different carboxylic 

acids, even asymmetric ones, aldehydes and ketones, aliphatic 

and aromatics were utilized giving rise to adducts 5a-f in yields of 

40-52%. Particularly, in order to obtain an α-hydroxy amide, which 

would a) introduce metal chelating properties (potentially 

targeting the iron in the enzyme’s active site) and, b) enhance the 

physicochemical properties of our adducts (more soluble and 

linear molecules), we were able to perform a hydrolysis of the 

ester 5f, towards the adduct 5e, which can alternatively be 

accessed by a catalyzed P-2CR (Scheme 1C).[78] The UT-4CR is 

a variation of the Ugi reaction which has been widely employed 

due to the fact that its 1,5-disubstituted tetrazole products serve 

as bioisosteres for carboxylic acids with improved metabolic 

stability and other advantageous physicochemical properties.[46] 

The 7 different UT adducts (31-71% yield) demonstrate high 

diversity and complexity; both aromatic and aliphatic aldehydes 

and amines (primary and secondary) with a different substitution 

patterns work well. The reaction tolerates numerous functional 

groups, such as, cyclopropanes (i.e. 6c, 6g), triple bonds (i.e. 6d, 

6e) and heterocycles (i.e. 6c, 6d). Once again, the chemistry 

provides opportunities for further post-MCR modifications, such 

as, C-C couplings via the terminal alkynes (i.e. 6d, 6e, Scheme 

1C). The U-4CR is one of the most versatile reactions in synthetic 

chemistry as it gives rise to potentially very diverse α-acylamino 

acylamide adducts. In addition to the diversification points that it 

provides, the Ugi reaction very often serves as a hub for further 

ongoing orthogonal transformations. As such, the classical Ugi 

reaction has already been employed to access many 

commercially available drugs.[79] Again, a strong focus for this sub-

library was to access diversity in the products 7 (obtained in yields 

of 38-49% yield). A functional group tolerance was observed, with 

hydroxyl groups (i.e. 7a), a coumarin unit (i.e. 7c) and electrophilic 

warheads which could serve as potential proximity-inducing 

agents (i.e. 7b, 7d), all being readily incorporated, (Scheme 

1C).[80] 
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Scheme 1. The synthetic overview of our approach and the libraries generated. (A) Functionalization of fluorescein and installation of the isocyano group; (i) dry 

EtOH, H2SO4, 24 h, 85 oC; (ii) NaHCO3, DMF, 12 h, 80 oC; (B,C) The MCRs employed: GBB-3CR (pink box); P-3CR (green box); UT-4CR (yellow box); U-4CR 

(blue box) and their corresponding libraries; (iii) Sc(OTf)3, MeOH, 45 oC, 24-72 h; (iv) DCM, rt, overnight; (v) MeOH, rt, 24-36 h; (vi) MeOH, rt, 24-48 h. 
* Compound 5e was obtained by the hydrolysis of 5f. 
** Photo of the corresponding isocyanide 3a was obtained by authors exhibiting the characteristic fluorescence (DMSO, 365 nm). 

Physicochemical characterization and stability of the 

products in the synthesized libraries 

Next, we sought to characterize the physicochemical 

properties of the newly synthesized compounds. First, the 

absorbance and emission spectra for compounds 4-7 were 

obtained, showing similar profiles across all the different scaffolds 

(Figure 3A; see, SI, Figure S1). The compounds display their 

maximum absorbance (λmax) at 460 nm and fluorescence 

emission at 555 nm (λex = 460 nm), with a Stoke shift (Δλ) of 95 

nm. Comparing our findings with fluorescein 1, which presents an 

excitation peak at 498 nm and an emission peak at 517 nm, we 

have accomplished a higher fluorescence wavelength, and, at the 

same time expanded the Stoke shift. Moreover, due to the 

appropriate solubility of our compounds, we examined the ability 

of different solvents to stabilize their excited state. Typically, a 

fluorophore has a larger dipole moment in the excited state (μE) 

than in the ground state and the solvent dipoles can reorient or 

relax around μE, which lowers the energy of the excited state. 

Compound 7a was dissolved in 8 different solvents, and, in line 

with the theory, as the solvent polarity increased, these effects 

more pronounced, resulting in emission at lower energies or 

longer wavelengths (Figure 3B). Finally, in order to assess the 

chemical stability of our compounds, we designed a three-week 

experiment, in which we evaluated the effect of exposure to light 
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and/or ambient air. The majority of the compounds remained very 

stable, with the only exception being adducts 4 (from the GBB-

3CR). Compound 4a was exposed to three sets of conditions for 

three weeks; light/ambient air, light/inert atmosphere, 

dark/ambient air. Afterwards, absorption and NMR spectra were 

taken, to determine the percentage of modified compound (Figure 

3C; see, SI, Figure S2). From our results, we conclude that both 

light and ambient air affect 4a, with the former being more 

significant (Figure 3C).  

 

 

Figure 3. Characterization of the scaffolds 3-7. (A) Absorbance and emission 

spectra of representative derivatives; (B) The influence of solvent polarity on the 

fluorescence of compound 7a (365 nm): 8a, 9 and 10 correspond to MeOH, 

MeOH-HCl(aq) and MeOH-Et3N, respectively; (C) Stability experiments for 

compound 4a after 3 weeks exposure to different conditions (light/dark and 

ambient/inert atmosphere). 

Inhibitory studies of the synthesized library adducts 

Following on, we performed a preliminary evaluation of our 

newly synthesized derivatives against human 15-LOX-1, as 

described previously.[75,81–85] After this initial inhibitory screening 

at 50 μΜ, and, in order to explore the precise inhibitory potency 

of all the active compounds, IC50 values were determined.  

We initially explored the influence of our modifications on the 

fluorescein scaffold, after esterification of the free acid and the 

introduction of the isocyano groups with linkers of varying size. 

Interestingly, the ethyl ester 2 proved to be twice as potent (with 

the IC50 value of 23.5 ± 3.8 μΜ) compared to the salt 1 (IC50 = 

44.8 ± 8.0 μΜ, Figure 4). The introduction of linkers with varying 

lengths onto to 2 aimed to exploit the remaining available 

enzymatic pocket. Indeed, isocyanides 3a-c exhibited increased 

inhibitory potency with the extension of linker length, aligning with 

our design goal of enhancing affinity through linker length, as 15-

LOX-1 favors linear molecules (Figure 4). Recognizing the 

advantage of expansion in this direction and the available space 

in the pocket, we used the short linker (compound 3a) to introduce 

various scaffolds. This strategy avoids the use of an aliphatic 

linker with suboptimal properties and limited interaction sites, 

facilitating the exploration of new scaffolds. Our objective is to 

develop compounds of similar size but with improved 

physicochemical properties and enhanced inhibitory potency. 

Compound 3a, featuring a shorter linker and lower molecular 

weight, was selected for further functionalization to explore 

additional chemical space and improve the physicochemical and 

binding properties of the compounds. 

By employing our EDI strategy, we have elegantly evolved our 

imaging agent to incorporate different scaffolds and to facilitate 

the study of structure-activity relationships (SARs). Our results 

nicely demonstrate a significant variation in the inhibitory activity 

dependent on the scaffold properties, which guides the correct 

orientation, and, as such, maximizes the contribution of the 

fluorescein group (Figure 4, A-C). It is clear that properties such 

as MW, lipophilicity (cLogP) as well as molecular 

shape/complexity play a key role in optimum binding, and, 

therefore, in attaining better inhibitory potency. Specifically, the 

more compact GBB-3CR derivatives proved to be inactive against 

our model enzyme (Figure 4, A-C; see, SI, Figure S3), with the 

most potent compound (4a) exhibiting an IC50 of 78.7 ± 20.0 μΜ 

(Figure 4B). The same is true for the branched (less linear, lower 

shape index) U-4CR derivatives and UT-4CR tetrazole 

derivatives (Figure 4, A-C; see, SI, Figure S3), with the best 

compounds 7a and 6d reaching an IC50 of 27.3 ± 3.9 μΜ and IC50 

of 20.6 ± 2.7 μΜ, respectively (Figure 4). The most potent 

compound proved to be the P-3CR adduct 5e, which, remarkably, 

exhibited an IC50 of 5.7 ± 0.6 μΜ (Figure 4A/B). Notably, the non-

cleaved adduct 5f exhibited a 8-fold lower inhibitory potency 

compared to 5e, underscoring its potential role as a 

photocleavable precursor of 5e (Figure S2C). Compared to other 

adducts, 5e is more linear (shape index = 0.52) and less lipophilic 

(cLogP = 3.75) with a small molecular weight (MW = 515.56, 

Figure 4C), which seems to possess many of the properties 

required for optimum binding. Once again, branched and bulky 

components on the P-3CR products yielded less active 

compounds (Figure 4A/C; see, SI, Figure S3).  

In order to investigate the binding mechanism of our 

compounds, we performed a Michaelis-Menten enzyme kinetics 

analysis of compounds 3a and 5e. As expected, 3a showed 

competitive inhibition, as the Lineweaver-Burk plot indicates that 

the inhibitor causes an increase in the KM values, whereas the 

Vmax values remain constant (Figure 4D; see, SI, Table S3). 

However, 5e caused a decrease in both the KM and Vmax values 

(Figure 4D; see, SI, Table S4), demonstrating an uncompetitive 

inhibition mechanism for 15-LOX-1. These findings indicate the 

possible involvement of the α-hydroxy amide warhead in the 

chelation of iron in the active site of 15-LOX-1, which, perhaps, 

enhances the inhibitory potency of 5e.[75] In order to explore this 

hypothesis, we performed molecular docking experiments, 

investigating the impact of iron on the number of binding site 

poses. Our results showed that compound 5e, unlike 5d and 3b, 

exhibited a notable change in the number of docking poses within 

the enzyme's active site when Fe²⁺ or Fe³⁺ was present, 

compared to the absence of iron (SI, Figure S6).  

This was confirmed by performing a time-dependent inhibition 

assay in the presence of 5e, 5d, and ThioLox[84] (Figure 4E). In 

this experiment, the enzyme was incubated with the inhibitors for 

varying durations, ranging from 5 to 30 minutes, and the 

remaining enzyme activity was subsequently measured. We 

observed that only in the case of 5e and 5d there was a time-

dependent inhibition, which was attributed to increased binding 

and iron chelation, followed by enzyme inactivation. In contrast, 

ThioLox, a known competitive inhibitor,[84] reached a steady-state 

equilibrium within 5 minutes and exhibited the same inhibitory 

effect even after 30 minutes (Figure 4E).  
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Next, 5e was utilized in labeling experiments with recombinant 

purified 15-LOX-1 and cell lysates (dot-blot experiments). Initially, 

5e (at concentrations of 5 μM and 50 μM) was incubated briefly 

with the purified enzyme, followed by acetone precipitation to 

remove unbound molecules. The results clearly showed that 5e 

labeled 15-LOX-1, in contrast to the control experiments (Figure 

4F). Similar results were observed when cell lysates (RAW 264.7 

macrophage cells) were used, demonstrating the ability of 5e to 

label the enzyme within a complex biological environment. 

Finally, as similar α-hydroxy amide derivatives have been 

reported previously as chelating agents,[86] we screened our 

compound against various pH conditions and a small library of 

different metals to evaluate its fluorescence stability. Showing 

remarkable stability in different pH (5-10 at 25oC) and in presence 

of accumulated amounts of various metals, including Fe3+, Ca2+, 

Co2+, Cu2+, Mg2+, Mn2+ and Zn2+, we did not identify any significant 

quenching of fluorescence (SI, Figure S7).  

Overall, compound 5e combines a remarkable time 

dependent inhibitory potency with suitable physicochemical 

properties and fluorescence stability, and was, therefore, selected 

for further investigation in cell-based imaging studies. 

 

 

Figure 4. Inhibition studies of the synthesized derivatives. (A) Bar-graphs of the IC50 activity of the synthesized derivatives against human 15-LOX-1. The most 

active compound per different MCR scaffold is presented along with its calculated properties (MW: Molecular Weight, Shape Index, cLogP); (B) IC50 graphs for the 

compounds 6d, 7a, 4a and 5e; (C) 2D scatterplot of all the synthesized compounds based on lipophilicity (clogP) and MW. The size and the color of every dot 

represents the shape index and the different MCR scaffold group, respectively; (D) Steady-state kinetic characterization of h-15-LOX-1 in the presence of different 

concentrations of the compounds 3b and 5e with Lineweaver−Burk representation; (E) Time-dependent inhibition assay in the presence of 5e, 5d and ThioLox. (F) 

Dot-blot (fluorescence) of 5e-treated (5 and 50 uM) samples (pure 15-LOX-1 and cell lysate). Control experiments in the absence of 5e is shown. All experiments 

were performed in triplicates (n=3) and the standard error is reported.    

In cellulo evaluation 

In cellulo target engagement and labelling of 15-LOX-1 was 

investigated in a cell-based imaging assay using a confocal 

microscope. As opposed to a previously reported 15-LOX-1 

biotinylated probe, the presence of the innate fluorescein core on 

5e should enable live-cell imaging as it does not require additional 

steps to visualize it (e.g. conjugation to labelled streptavidin post 

cell fixation). RAW 264.7 macrophage cells that express 

endogenous 15-LOX-1 were chosen as the model system, as 

previously.[87,88] 

Initially, we evaluated the cell permeability of 5e by treating 

live cells (in situ, on the microscope) and immediately recording 

images to follow its cellular uptake. The fluorescence of 5e could 

be distinguished from the background at concentrations as low as 

50 nM (SI, Figure S8A/B). 5e was taken up by the cells rapidly 

(within 1 minute) and reached saturation within 8 minutes (Figure 

5A/B). Interestingly, fluorescein ester 2 was impermeable within 

the timeframe of our experiment (SI, Figure S9), suggesting that 

the α-hydroxy amide scaffold is highly beneficial for permeability, 

which verifies our design. While 5e was distributed predominantly 

in the cytoplasm, some nuclear localization was also observed, 

albeit with a much lower signal (cell membrane labelling was 

negligible; SI, Figure S10). Nuclear localization was confirmed by 

co-staining with 4′,6-diamidino-2-phenylindole (DAPI), post cell 

fixation (SI, Figure S10). Previously, the 15-LOX-1 biotinylated 

probe was shown to be evenly distributed between the cytoplasm 

and the nuclei of RAW 264.7, as well as to be colocalized with an 

antibody against 15-LOX-1.[87] Consequently, the nuclear 
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localization observed in our experiments may indicate nuclear 

labelling of 15-LOX-1. Given the differences in the labelling 

pattern between the two probes, we cannot rule out the possibility 

that 5e does not efficiently cross the nuclear envelope. We note, 

however, that; i) visualization herein was done in live cells (as 

opposed to fixed cells, as required by the immunostaining 

experiments performed previously); and, ii) the uneven 5e 

distribution is in agreement with a previous report directly 

visualizing 15-LOX-1 (GFP-fusion construct) in RAW 264.7 

cells.[89] 

Next, we set out to evaluate whether the observed labelling 

by 5e corresponds to 15-LOX-1 engagement in cells. To do so, 

we performed an imaging-based competition assay in live cells, 

using Thiolox as a competitor (Figure 5C).[84] Given that Thiolox 

is a well-established potent 15-LOX-1 inhibitor, we expected that 

the 5e signal would be reduced if labelling corresponds to 15-

LOX-1 engagement, especially if this occurs in a dose-dependent 

manner. Initially, 5 μM of 5e was used in the competition assay, 

as this is close to its IC50. While competition with an equimolar 

concentration of ThioLox (IC50 ≈ 12 μM) was not statistically 

significant, a 50% decrease in 5e intensity was observed with 

when 10-times ThioLox concentration was used (SI, Figure S11). 

In order to explore if 5e labelling could be reduced in dose-

dependent manner (e.g. 10- and 100-times concentrations) by 

ThioLox, we repeated the experiments using 1 μM of 5e so that 

ThioLox solubility was not the limiting factor. Indeed, we observed 

that labelling by 5e was reduced in a dose-dependent manner by 

ThioLox (Figure 5D/E). These results indicate that 5e labeling is 

15-LOX-1-dependent, reflecting specific and robust binding. 

Finally, we sought to explore in cells whether the observed 

behavior of 5e on purified 15-LOX-1 supports an irreversible 

mechanism. For that, we employed a cell-based irreversibility 

assay recently used to demonstrate the in cellulo irreversible 

mechanism of a novel probe developed by us that utilizes the 

established bis-alkyne 15-LOX-1-specific covalent warhead 

(Figure 5F, “Post-treat” condition).[90] In this assay, cells are 

incubated with the probe followed by treatment with ThioLox and 

it is designed to evaluate whether binding of a probe is resistant 

to competitive displacement. Under this condition, 5e labeling 

showed virtually no reduction in normalized fluorescence intensity 

(Figure 5G, “Post-treat” bar). Ιn comparison, BAM10, our recently 

reported covalent binder,[90] which is exhibited a measurable 

reduction in fluorescence intensity under the same conditions 

(Figure 5G, last bar). These findings suggest that 5e exhibits 

strong resistance to displacement from the enzyme’s active site 

and, most importantly, induces prolonged enzyme inactivation, 

highlighting its potential theranostic capability. Further validation 

through co- and pre-treatment experiments revealed that 5e could 

be displaced by ThioLox in the same experimental setup, as 

indicated by significant reductions in fluorescence intensity 

(Figure 5G, “Co-treat” and “Pre-treat” bars). The stark contrast 

between the post-treatment condition, where displacement was 

absent, and the co- and pre-treatment conditions, coupled with 

the comparison to BAM10, strongly supports the hypothesis that 

5e binds to 15-LOX-1 in live cells through an irreversible 

mechanism. 

Overall, our experiments demonstrate that 5e is a cell-

permeable 15-LOX-1 inhibitor that specifically engages its target 

in live cells, providing valuable insights into its target engagement 

and cellular localization. Furthermore, the resistance of 5e to 

competitive displacement in our irreversibility assay supports the 

hypothesis that 5e operates through a novel covalent binding 

mechanism.

 
Figure 5. 5e exhibits labeling of 15-LOX-1 in live cells consistent with irreversible interactions. (A) Imaging-based cell permeability assay using a confocal 

microscope. RAW 264.7 cells seeded on glass-bottom dishes were treated in situ with 5e and immediately imaged. Top row shows cells prior to the treatment to 

obtain the background fluorescence. Bottom row shows an image of the cells 16 minutes after the addition of the 5 μM 5e concentration; (Β) Quantification of 5e 

intensity in various time points show fast uptake of 5e, which reaches saturation within 8 minutes; (C) Schematic representation of the imaging-based competition 

assay used for experiments shown in (D), (E) and Figure S11. ThioLox pre-treatment was performed at 37°C, while 5e labelling at room temperature; (D) Examples 

of images of live cells pre-treated with either DMSO (left image) or Thiolox (10 or 100 μM, middle and right, respectively) and subsequently labelled with 1 μM 5e; 
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(E) Box-plot of the quantified intensity per cell area from experiments using 1 μM 5e with or without competition from ThioLox. 5e intensity is reduced in dose-

dependent manner in cells pre-treated with ThioLox; The box represents the interquartile range (25th to 75th percentile), the line inside the box represents the 

median, and the whiskers represent the minimum and maximum values. Data represent three independent experiments (n = 3). Statistical significance was assessed 

using a one-way ANOVA with Dunnett’s multiple comparison test. Significance is indicated by stars (* p < 0.05, ** p < 0.01, *** p < 0.001); (F) Schematic 

representation of the imaging-based irreversibility assay used for experiments shown in (G) and Figure S12. All treatments were performed at 37°C. (G) Diverging 

bar plot showing changes in normalized intensity for 5e and BAM10 under different conditions involving ThioLox as indicated in the table in (G). The line at zero 

represents the baseline condition (5e or BAM10 – without ThioLox treatment), with bars indicating the change in intensity relative to this baseline. 5e exhibits 

resistance to displacement in the post-treatment condition compared to co- and pre-treatment. When compared with BAM10, a recently covalent inhibitor developed 

by us,[90] the data support the hypothesis that 5e may act as an irreversible inhibitor. Data represent three independent experiments (n = 3). Statistical significance 

was assessed using Welch’s t-test (t-test assuming unequal variances). Significance is indicated by stars (* p < 0.05, ** p < 0.01, *** p < 0.001). 

 

Conclusion 

In conclusion, our study demonstrates the successful evolution of 

a fluorescent imaging agent into a potent therapeutic compound. 

By functionalizing fluorescein, we have not only enhanced its 

fluorescent properties, but also rendered it suitable for integration 

into the multicomponent reaction (MCR) framework. We have 

developed >20 compounds representing four different scaffolds 

with diverse and distinct geometries and shape. Compound 5e 

exhibits strong time-dependent inhibitory potency against 15-

LOX-1, along with favorable physicochemical properties and 

stable fluorescence. These features enable successful in vitro 

enzyme labeling and make it well-suited for further investigation. 

Additionally, its ability to permeate the cell membrane, engage its 

target in live cells, and cause prolonged enzyme inactivation 

underscores its potential as a theranostic agent for cell-based 

imaging studies. We foresee that the described strategy could be 

more generally applied to the development of small molecule 

imaging agents with inhibitory applications in drug discovery. 

Supporting Information 

Synthetic procedures, 1H, 13C NMR and HRMS analytical data, for 

the synthesized compounds, absorption-fluorescence 

measurements, expression and purification of 15-LOX-1, enzyme 

inhibition studies, determination of the half maximal inhibitor 

concentration (IC50), metal screening, general methods for cell 

and imaging studies. The authors have cited additional references 

within the Supporting Information.[1-8] 
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Our study successfully evolved a fluorescent imaging agent into a potent therapeutic compound. By functionalizing fluorescein, we 

enhanced its fluorescence and adapted it for multicomponent reactions (MCRs). We synthesized over 20 compounds across four 

diverse scaffolds. Compound 5e shows strong 15-LOX-1 inhibition, favorable properties and cell permeability, making it ideal for 
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