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SUMMARY:
Fluorescently tagged antibiotics are powerful tools that can be used to study multiple aspects of antimicrobial resistance. This article describes the preparation of fluorescently tagged antibiotics and their application to studying antibiotic resistance in bacteria. Probes can be used to study mechanisms of bacterial resistance (e.g., efflux) by spectrophotometry, flow cytometry, and microscopy.

ABSTRACT:
Fluorescent antibiotics are multipurpose research tools that are readily used for the study of antimicrobial resistance, due to their significant advantage over other methods. To prepare these probes, azide derivatives of antibiotics are synthesized, then coupled with alkyne-fluorophores using azide-alkyne dipolar cycloaddition by click chemistry. Following purification, the antibiotic activity of the fluorescent antibiotic is tested by minimum inhibitory concentration assessment. In order to study bacterial accumulation, either spectrophotometry or flow cytometry may be used, allowing for much simpler analysis than methods relying on radioactive antibiotic derivatives. Furthermore, confocal microscopy can be used to examine localization within the bacteria, affording valuable information about mode of action and changes that occur in resistant species. The use of fluorescent antibiotic probes in the study of antimicrobial resistance is a powerful method with much potential for future expansion.

INTRODUCTION:
Antimicrobial resistance (AMR) is a rising crisis which poses a major threat to human health around the world. Resistance to most antibiotics has been reported, and infections caused by bacteria resistant to all clinically available drugs are emerging. In order to combat the rise of AMR, we need to increase our understanding of this multifaceted phenomenon and the underlying mechanisms and interactions between antibiotics and bacteria. One aspect that has been historically poorly understood is the permeation of antibiotics into bacteria, along with the phenomena of accumulation and efflux. This knowledge is crucial in designing new drugs and understanding mechanisms of resistance. Hence, this plays a critical role in AMR research.

There are two main approaches that may be taken in order to measure antibiotic concentration: measuring the drug directly or tagging with a moiety designed to facilitate quantification. Although tagging the antibiotic improves detection, this can perturb the biological activity of the drug, such as antimicrobial activity and permeability. This is not a problem for untagged methods; however, detection can be challenging. In the past few years, technological advancements have led to a boom in research utilizing mass spectrometry (MS) to directly measure the antibiotic concentration in bacteria1–7. These studies have shown that it is possible to study intracellular accumulation in a variety of bacteria, with gram-negative bacteria the most widely studied. Quantification of molecule permeability has then been linked to activity and used to inform drug development2–4, though caution must be taken when directly conflating accumulation and target activity5. Prior to MS development, the only antibiotics whose concentration could be directly measured were those possessing intrinsic fluorescence, such as tetracycline and the quinolones8–11. Although obviously limited in scope, accumulation and efflux were examined and quantified, illustrating the usefulness of fluorescence-based quantification.

Tagged antibiotics have been used for many decades to study distributions, modes of action, and resistance, with radioactive and fluorescent tags being common. Radio-tagged probes have the advantage of being almost identical to the parent compound, hence the biological activity is unlikely to be significantly different. Isotopes such as 3H, 14C, and 15N have been frequently used due to the prominence of these elements in antibiotics, and a variety of antibiotic scaffolds have been examined1,10,12,13. While the detection of radio-probes is simple, there are a number of logistical concerns (e.g., safety, isotope half-life) that have limited the use of this approach. Another strategy is fluorescently-tagged antibiotics. These probes can be used to examine the distribution and modes of action and resistance of the parent drug, using simpler technology than MS and without the logistical problems of radiation8. The main drawback to this approach is that antibiotics are generally relatively small molecules, hence the introduction of a fluorescent moiety poses a significant chemical change. This alteration can impact physiochemical properties and antibacterial activity. Therefore, care must be taken to assess these factors in order to generate results representative of the parent antibiotic.

In this work, a method is described to synthesize, assess, and use fluorescent antibiotics, as in our previous publications14–16. Through previous work, a number of fluorescent antibiotics have been prepared and used for a variety of purposes (see Stone et al.8). In order to minimize the likelihood of impacting biological activity, very small fluorophores are used in this work: nitrobenzoxadiazole (NBD, green) and 7-(dimethylamino)-2-oxo-2H-chromen-4-yl (DMACA, blue). Further, the assessment of antibacterial activity using the microbroth dilution minimum inhibition concentration (MIC) assay is described, so that the effect of modifications on activity can be measured. These fluorescently-tagged probes can be used in spectrophotometric assays, flow cytometry, and microscopy. The range of possible applications is where the advantage of fluorescent antibiotics lies. Cellular accumulation can be quantified, categorized, and visualized, something not possible using MS alone. It is hoped that the knowledge gained through the use of fluorescent antibiotics will aid in our understanding of resistance, and the fight against AMR.
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1. Synthesis of alkyne-fluorophores

1.1. Synthesis of NBD-alkyne (7-nitro-N-(prop-2-yn-1-yl)benzo[c][1,2,5]oxadiazol-4-amine)

1.1.1. Dissolve 1,031 mg of 4-chloro-7-nitro-benzofuran (5.181 mmol) in 60 mL of tetrahydrofuran (THF). Add 1,857 mg of CsCO3 (5.696 mmol), then 0.39 mL of propargylamine (6.1 mmol). Heat the reaction to 50 ˚C for 2 h, which will turn from brown to green, then cool to room temperature (RT).

1.1.2. Filter the reaction using a filtering aid (see Table of Materials), and wash with ethyl acetate (EA). Concentrate the filtrate under reduced pressure, then dissolve the residue in 150 mL of EA and move to a 500 mL separating funnel.

1.1.3. Wash the EA solution with 100 mL with water and brine respectively. Then combine the aqueous phases and wash 2x with 100 mL of EA. 

1.1.4. Dry the combined organic phases over anhydrous magnesium sulfate, then filter and concentrate under reduced pressure.

1.1.5. Purify the crude product by flash chromatography on silica gel (20–30% EA in petroleum ether [PE]), checking purity by liquid chromatography mass spectrometry (LCMS, [M+H]+ = 219.1) and/or nuclear magnetic resonance (NMR) spectroscopy, chemical shifts as follows: 

1H NMR (CD3OD, 600 MHz)  8.54 (d, J = 8.7 Hz, 1H), 6.35 (d, J = 8.4 Hz, 1H), 4.31 (dd, J = 5.7 Hz, J = 2.5 Hz, 2H), 2.43 (t, J = 2.5 Hz, 1H); 13C NMR (CD3OD, 150 MHz)  144.3, 143.7, 142.2, 135.8, 125.7, 100.0, 76.5, 74.2, 33.4. 

NOTE: When performing purification by silica gel chromatography, prepare the column using the less polar of the solvents listed. Crude compound may either be loaded as a concentrated solution or adsorbed onto the silica if solubility does not allow it. After the compound has been added to the top of the silica, run through 1–2 column volumes of the same solvent used for silica wetting. Then start with the solvent ratio listed, running through at least 1 column volume of each solvent, and making sure to not make large jumps in solvent composition. Collect fractions, and check purity/identity by LCMS or TLC (thin layer chromatography). Combine pure fractions and concentrate under reduced pressure by rotary evaporation.

1.2. [bookmark: _Toc494373780]Synthesis of DMACA-alkyne (2-(7-(dimethylamino)-2-oxo-2H-chromen-4-yl)-N-(prop-2-yn-1-yl)acetamide).

1.2.1. Dissolve 5.02 g of 3-(dimethylamino)phenol (36.6 mmol) in 30 mL of ethanol, then add 6.7 mL of diethyl 1,3-acetonedicarboxylate (36 mmol). Add 10.5 g of ZnCl2 (77.2 mmol), then reflux the red solution for 42 h. Add an additional 9.20 g of ZnCl2 (67.6 mmol), then reflux for 8 h.

1.2.2. Cool the reaction and concentrate under reduced pressure. Disperse the resulting red solid in 200 mL of EA, filter, then transfer to a 500 mL separating funnel.

1.2.3. Wash the EA with 200 mL each of water and brine, then dry over anhydrous magnesium sulfate. Filter the dried organic phase and concentrate under reduced pressure.

1.2.4. Purify the red solid (ethyl 2-(7-(dimethylamino)-2-oxo-2H-chromen-4-yl)acetate) by flash chromatography on silica gel (0–100% EA in PE), checking purity by LCMS ([M+H]+ = 275.1) and/or NMR, chemical shifts as follows: 

1H NMR (CDCl3, 600 MHz)  7.30 (d, J = 8.9 Hz, 1H), 6.52 (dd, J = 8.9 Hz, J = 2.6 Hz, 1H), 6.40 (d, J = 2.6 Hz, 1H), 5.87 (m, 1H), 2.96 (m, 8H), 2.25 (d, J = 1.2 Hz, 3H). 

1.2.5. Dissolve 488 mg of ethyl 2-(7-(dimethylamino)-2-oxo-2H-chromen-4-yl)acetate (1.18 mmol) in 10 mL of THF, then add a solution of 157 mg of LiOHH2O (3.74 mmol) in 15 mL of water. Stir the reaction at RT for 3 h, then move to a separating funnel and dilute with an additional 50 mL of water.

1.2.6. Wash the reaction mixture 2x with 50 mL of diethyl ether (Et2O), then wash the combined organic phase 2x with 25 mL of water. Take any yellow precipitate with the organic layer. Concentrate the organic phase under reduced pressure using a rotary evaporator.

1.2.7. Acidify the aqueous phase to pH = 2 with concentrated HCl, and cool to 4 ˚C overnight. Filter the acidified aqueous phase and add the yellow solid to the concentrated organic phase.

NOTE: The 2-(7-(dimethylamino)-2-oxo-2H-chromen-4-yl)acetic acid can be used without further purification, but this can be checked by LCMS ([M+H]+ = 247.1) and/or NMR, chemical shifts as follows:

1H NMR (CDCl3, 600 MHz)  7.41 (d, J = 9.0 Hz, 1H), 6.62 (dd, J = 9.2 Hz, J = 2.8 Hz, 1H), 6.52 (d, J = 2.8 Hz, 1H), 5.98 (d, J = 0.9 Hz, 1H), 3.05 (s, 6H), 2.35 (d, J = 0.9 Hz, 2H); 13C NMR (CDCl3, 150 MHz)  162.2, 155.7, 152.9, 152.8, 125.3, 109.7, 109.3, 109.1, 108.8, 98.3, 40.2, 18.5.

1.2.8. Dissolve 466 mg of 2-(7-(dimethylamino)-2-oxo-2H-chromen-4-yl)acetic acid (1.89 mmol) in 7 mL of dry N,N-dimethylformamide (DMF) and place under an atmosphere of nitrogen.

1.2.9. Dissolve 0.33 mL of propargylamine (5.1 mmol) in 7 mL of dry DMF under nitrogen. Add 1.30 mL of di-isopropylethyl amine (DIPEA, 7.50 mmol) to the dye solution, then 535 mg of O-(1H-6-chlorobenzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (HCTU, 1.29 mmol). Stir the activated dye solution for 15 min at RT, then add the amine solution dropwise, and leave to stir overnight.

1.2.10. The next day, dilute the reaction with 35 mL of water then concentrate under reduced pressure. 

1.2.11. Partition the resulting orange solid between EA and brine (100 mL each) in a 250 mL separating funnel. Separate the layers (run the two layers into different flasks), and wash the aqueous phase with 100 mL of EA.

1.2.12. Concentrate the combined organic phases under reduced pressure, then redissolve the orange solid in 3 mL of 1:1 acetonitrile (ACN)/water (v/v). Purify the crude product by injecting onto a reverse phase medium pressure liquid chromatography (MPLC) system equipped with a C18 cartridge column (solvent A: water, solvent B: ACN).

1.2.13. Check fractions for purity by LCMS ([M+H]+ = 284.1, NMR chemical shifts given below), then combine and lyophilize appropriate fractions to give 2-(7-(dimethylamino)-2-oxo-2H-chromen-4-yl)-N-(prop-2-yn-1-yl)acetamide, NMR chemical shifts as follows:

1H NMR (600 MHz, DMSO-d6)  8.65 (t, J = 5.4Hz, 1H), 7.52 (d, J = 9.0Hz, 1H), 6.72 (dd, J = 9.1, 2.6 Hz, 1H), 6.55 (d, J = 2.6 Hz, 1H), 6.00 (s, 1H), 3.88–3.87 (m, 2H), 3.62 (s, 2H), 3.13 (t, J = 2.5 Hz, 1H), 3.01 (s, 6H); 13C NMR (125 MHz, DMSO-d6)  167.7, 160.7, 155.4, 152.9, 151.0, 126.0, 109.4, 109.1, 108.1, 97.5, 80.9, 73.3, 39.7, 38.4, 28.2.

2. Synthesis of fluorescent antibiotics

2.1. Prepare an azide-derivative of an antibiotic as described previously14–16.

NOTE: The procedure is specific to each antibiotic and requires careful examination of the structure activity relationship (SAR) of the parent molecule to ensure that the functionalized antibiotic retains activity comparable to the parent. (e.g., ciprofloxacin16, linezolid14, and trimethoprim15). See Figure 1 for examples of published fluorescent antibiotics, and the general synthesis scheme. 

2.2. Click reaction procedure A

NOTE: For most of the antibiotics, follow the procedure detailed here for copper catalyzed Huisgen [2+3] cycloaddition of azide (step 2.1) and fluorescent alkyne (prepared in step 1).

2.2.1. Place the azide-antibiotic in a round bottom flask and add tert-butanol (tBuOH) and water (1:1 v/v, 25 mL each per mmol azide). 

2.2.2. Add the fluorophore-alkyne prepared in step 1.1 (3 eq.) and heat the reaction to 50 ˚C. Then add copper sulfate (100 mM in water, 0.6 eq.) to the reaction, followed by ascorbic acid (500 mM in water, 2.4 eq.).

2.2.3. Stir the reaction at 50 ˚C for 1 h, or until analysis by LCMS upon indication of the reaction completion (complete consumption of starting azide).

2.2.4. Cool the reaction and purify as appropriate for the antibiotic scaffold and proceed for purification either by step 2.3 or 2.4. 

NOTE: Several different purification methods are possible, depending on the polarity and stability of the scaffold.

2.3. Click reaction procedure B

NOTE: Follow this procedure for peptide-based antibiotics, to provide stronger reaction conditions (unpublished work, Phetsang, 2019). 

2.3.1. Place the peptide azide-antibiotic in a round bottom flask and add enough DMF (750 mL/mmol azide) to dissolve.

2.3.2. Add the fluorophore-alkyne prepared in step 1 (5 eq.) and heat the reaction to 50 ˚C for 1 h. 

2.3.3. Add copper (I) iodide (20 eq.), then DIPEA (120 eq.), then acetic acid (240 eq.).

2.3.4. Stir the reaction at 50 ˚C for 1 h, or until the analysis by LCMS indicates reaction completion (i.e., complete consumption of starting azide). Cool the reaction and proceed for purification by method 1 (see step 2.3). 

2.4. Purification method 1 (used for ciprofloxacin, trimethoprim, and linezolid)

2.4.1 Inject the cooled click reaction directly onto a MPLC C18 cartridge column. 

2.4.2. Incorporate a long wash phase (roughly 10 min) at the beginning of the run (100% solvent A), then run a gradient up to 100% solvent B, followed by a return to solvent A.

NOTE: Solvent A can be chosen from water, 0.05–0.1% formic acid (FA) in water, 0.05–0.1% trifluoroacetic acid (TFA) in water, depending on solubility, stability, and the best resolution of peaks. Solvent B can be chosen from acetonitrile (ACN), 0.05–0.1% FA in ACN, 0.05–0.1% TFA in ACN, to match solvent A. If elution proves difficult, methanol may be used in place of ACN.

2.4.3. Collect and combine appropriate fractions, as indicated by LCMS and color (correct mass seen, singular peak), then lyophilize to give the (semi)pure fluorescent antibiotic.

2.4.4. Further purify the product if needed. Assess purity by NMR and/or LCMS and high-pressure liquid chromatography (HPLC), using a column and method appropriate for the scaffold.

2.5. Purification method 2

NOTE: If solubility allows, prepurification may be carried out by the aqueous workup (used for macrolides, unpublished work, Stone 2019).

2.5.1. Dilute the cooled click reaction with water and Et2O (1:1 v/v, approximately 10-fold dilution from initial reaction volume), transferring to an appropriately sized separating funnel. 

2.5.2. Separate the layers and wash the aqueous phase twice with Et2O.

2.5.3. Wash the combined organic phases 2x with water (equal volume with organic phase), then dry over Na2SO4.

2.5.4. Filter the dried organic phase and concentrate under reduced pressure.

2.5.5. Purify the crude product by MPLC and/or HPLC as described in step 2.4.4.

NOTE: See Figure 2 for examples of incomplete, complete, and purified click reaction LCMS traces. Typical purified yields for the antibiotic-fluorophore click reactions range from 30–80%.

CAUTION: Most of the chemicals used in these syntheses possess specific safety hazards. Caution must be taken at all times, including the use of personal protective equipment. Et2O, tBuOH, FA, acetic acid, PE, EA, THF, ACN, DMF, EtOH, DIPEA, propargylamine, and HCTU are all flammable; avoid contact with heat or spark sources. THF, propargylamine, DIPEA, tBuOH, FA, DMF, and PE are all toxic; avoid exposure. Propargylamine, CsCO3, ZnCl2, LiOH-H2O, DIPEA, CuI, FA, acetic acid, and HCl are all corrosive; avoid contact and be aware of surface contact. ZnCl2, CuSO4, CuI, and PE present environmental hazards; be mindful of disposal conditions. THF can form explosive peroxides; take care with storage conditions. Organic azides are explosive; take care especially with large scale production.

3. Evaluation of antimicrobial activity

NOTE: All work involving bacteria should be carried out under sterile conditions to avoid contamination of either the assay or the laboratory. All media should be autoclaved before use, and plasticware and equipment such as pipettes must be kept sterile. It is recommended that work be done in a biocontainment hood (type 2).

3.1. Streak glycerol stocks of bacterial strains appropriate for the antibiotic scaffold onto lysogeny broth agar (LB, prepared per manufacturer's instructions), and grow overnight at 37 °C.

NOTE: The choice of bacteria to test antibacterial activity must be made based on the antibiotic scaffold being used. A representative range of 5–10 bacteria should be chosen from the species that are known to be susceptible to the antibiotic, with consideration given to the logistical capabilities of the lab. If possible, resistant bacteria should also be tested. The protocol given below will work on most bacteria, but check if special conditions are required (e.g., CO2, special media) and make alterations as necessary. Bacteria successfully assayed using these conditions include Staphylococci, Streptococci, Bacilli, E. coli, Klebsiella pneumoniae, Pseudomonas aeruginosa, and Enterococcus faecium.

3.2. Pick a single colony from the plate, and culture overnight in 5 mL of cation adjusted Mueller-Hinton Broth (CAMHB, prepared per manufacturer’s instructions) at 37 ˚C.

3.3. Dilute the overnight cultures 40-fold in CAMHB and grow to a mid-log phase, optical density at 600 nm (OD600) = 0.4–0.8, volume 5 mL).

3.4. Prepare stock solutions of each fluorescent antibiotic at 1.28 mg/mL in sterile water, and pipette 10 L of antibiotic to the first column of a 96 well plate.

3.5. Add 90 L of CAMHB to the first column and 50 L to all other wells. Then, perform serial 2-fold dilution across the plate.

3.6. Thoroughly mix, then dilute the mid-log phase cultures to 106 colony forming units (CFU)/mL and add 50 L to all wells, to provide a final concentration of 5 x 105 CFU/mL.

volume of culture (mL) = (media volume in mL)/(OD600 x 1,000)

e.g., for an OD600 = 0.5 culture in a desired media volume of 12 mL, add (12/(0.5 x 1,000) = 0.024 mL of culture to 12 mL of media

3.7. Cover the plates with lids and incubate at 37 ˚C for 18–24 h without shaking.

3.8. Visually inspect the plates, with the MIC being the lowest concentration well with no visible growth.

NOTE: See Table 1 for some examples of active and inactive fluorescent antibiotics.

4. Analysis of probe accumulation by spectrophotometry and flow cytometry

NOTE: These centrifugation times have been optimized for E. coli, so slight alterations may be needed for other species. Representative data for probe accumulation is reported for the NBD-labeled ciprofloxacin probe. 

4.1. Streak glycerol stocks of the bacterial strains onto LB agar and grow overnight at 37 ˚C.

4.2. Pick a single colony from the plate and culture overnight in LB at 37 °C.

4.3. Dilute overnight cultures 50-fold in media and grow to mid-log phase (OD600 = 0.4–0.8).

4.4. Centrifuge the cultures at 1,470 x g for 25 min and decant the media.

4.5. Resuspend the bacteria in 1 mL of phosphate-buffered saline (PBS), then centrifuge at 1,470 x g for 15 min.

4.6. Decant the media and resuspend the washed pellets in PBS to a final OD600 = 2.

4.7. If desired, add 10.1 L of carbonyl cyanide 3-chlorophenylhydrazone (CCCP, 10 mM in PBS) to 1 mL of bacteria (final concentration 100 M) and incubate at 37 ˚C for 10 min.

NOTE: CCCP is an efflux pump inhibitor. Addition of CCCP will allow the examination of the impact of efflux.

4.8. Centrifuge the cultures at 18,000 x g for 4 min at 20 ˚C and decant the media.

4.9. Add 1 mL of fluorescent antibiotic solution (10–100 M in PBS) to the pellet, and incubate at 37 ˚C for 30 min.

4.10. Centrifuge the cultures at 18,000 x g for 7 min at 4 ˚C and decant the media.

4.11. Resuspend the bacteria in 1 mL of cold PBS, and repeat step 4.9.

4.12. Repeat step 4.10 a total of 4x.

4.13. If desired, lyse bacteria by adding 180 L of lysis buffer (20 mM Tris-HCl, pH 8.0, and 2 mM sodium EDTA) then 70 L of lysozyme (72 mg/mL in H2O).

4.14. Incubate at 37 ˚C for 30 min, then freeze-thaw 3x (−78 °C for 5 min, then 34 °C for 15 min).

4.15. Sonicate the samples for 20 min, then heat to 65 °C for 30 min.

4.16. Centrifuge the lysed samples (18,000 x g, 8 min), then filter through a 10 kDa filter membrane.

4.17. Wash the filter the 4x with 100 L of water.

4.18. Transfer the lysate to a flat-bottom black 96 well plate and measure the fluorescence intensity on a plate reader with excitation and emission wavelengths appropriate for the fluorophore (i.e., DMACA: ex = 400 nm, em = 490 nm; NBD: ex = 475 nm, em = 545 nm).

NOTE: See Figure 3 for examples of spectrophotometric analyses of bacteria using the fluorescent NBD-labeled ciprofloxacin antibiotic. 

4.19. For analysis by flow cytometry, the same growth and staining conditions may be used (steps 4.1–4.17), with changes solely in the final preparation.

4.19.1. Bring the total volume to 1 mL of PBS.

4.19.2. Read samples on a flow cytometer at a flow rate of approximately 60 L/min, using logarithmic amplification for the data acquisition (F1 excitation = 488 nm; emission = 525/20 nm).

4.19.3. Record a total of 10,000 events, then analyze the data using appropriate software.

4.19.4. Plot the fluorescence intensity from F1 against the number of events counts, estimating the median fluorescence intensity from the histogram peaks after the bacteria was stained.

NOTE: See Figure 4 for examples of flow cytometry analyses of bacteria using the NBD-labeled ciprofloxacin antibiotic.

5. Preparation for microscopic analysis

5.1. Grow subcultures to OD600 = 0.4, as for MIC assessment, then divide into 1 mL aliquots and centrifuge at 18,000 x g for 3–5 min.

5.2. Decant and discard media, then resuspend bacterial pellet in 500 L of HBSS.

5.3. Centrifuge at 18,000 x g for 3 min, then decant and discard media.

5.4. Prepare solutions of antibiotic probes in HBSS at concentrations of 1–100 M.

5.5. Resuspend the washed bacteria in 500 L of the probe solution, and incubate at 37 °C for 30 min.

5.6. Repeat step 5.3. For a multiple labeling experiment, resuspend the pellet in 500 L of an orthogonally colored nucleic acid dye. For green, use Syto9 (5 M in HBSS); for blue, use Hoechst 33342 (20 g/mL in HBSS). Incubate at RT for 15–30 min. 

5.7. Repeat step 5.3, then resuspend in 500 L of FM4-64FX (5 g/mL in HBSS) and incubate at RT for 5 min.

5.8. Repeat step 5.3, then resuspend in 500 L of HBSS, and repeat step 5.3 once more.

5.9. Repeat step 5.8, then finally suspend the washed, dyed bacteria in 15 L of mounting medium (see Table of Materials).

5.10. Pipette mounting medium on a microscope slide and top with a high-performance cover slip, then seal edges with clear nail polish.

NOTE: See Figure 5 for examples of confocal microscopy images taken with NBD-labeled ciprofloxacin and trimethoprim antibiotics, and Figure 6 for DMACA-labeled oxazolidinone (linezolid) antibiotic.

REPRESENTATIVE RESULTS:
Figure 1 Illustrates the key click chemistry reaction (A) for the preparation of the fluorescent antibiotics, and with (B) examples of structures of our published fluorescent antibiotics based on ciprofloxacin (cipro), trimethoprim (TMP), and linezolid. These probes were all synthesized from the corresponding antibiotics via an azide intermediate. They were then coupled to the NBD and DMACA fluorophores, each functionalized with an alkyne. 

Figure 2 shows example LCMS traces from a ciprofloxacin-N3 and NBD-alkyne click reaction, where the azide eluted at 3.2 min and the product at 3.8 min. Comparing 1 and 2 shows how the progress of the click reaction could be followed by the disappearance of the azide peak (by UV or MS detector). Spectra 3 demonstrate the impact of purification, with erroneous peaks disappearing from the MS and UV traces. Both purity and reaction progress could be quantified by the integration of the product peak and any impurity peaks.

Figure 3 demonstrates typical results from the assessment of intracellular accumulation by fluorescence spectroscopy in the presence and absence of efflux. In this experiment, E. coli was treated with TMP-NBD with or without the addition of CCCP, which collapses the proton motive force (PMF). The intracellular fluorescence of the bacteria was significantly higher when pretreated with CCCP, indicating that efflux reduced the accumulation in these bacteria. This experiment was repeated using bacteria deficient in tolC, displaying the capacity of this assay to examine the impact of individual efflux pump components. In this case, although there was an increase in intracellular fluorescence compared to the wild type bacteria, CCCP accumulation still increased. These findings indicate that tolC takes part inTMP efflux but is not the sole PMF-drive pump involved.

Figure 4 shows the result of the same experiment as Figure 2, but with the accumulation measured by flow cytometry instead of spectroscopy. The same data trends were observed, demonstrating that either technique may be used to study the phenomenon of efflux mediated intracellular accumulation. 

Figure 5 shows representative confocal microscopy images of gram-positive (S. aureus) and gram-negative bacteria (E. coli) labeled with TMP-NBD (1) and cipro-NBD (2 + 3) fluorescent probes, respectively. In both cases, the red membrane dye FM4-64FX was added in order to compare co-localization. For TMP-NBD, the blue nucleic acid dye Hoechst-33342 was also used. By overlaying these images, the localization of the antibiotic in the bacteria was visualized. Comparing panels 2 and 3 shows how the impact of efflux was examined, with the efflux inhibitor CCCP used in 2, resulting in intracellular accumulation. In panel 3, no CCCP was added. Hence, efflux is active and no probe accumulation was seen.

Figure 6 shows representative confocal microscopy images of Gram-positive (S. aureus) bacteria labeled with DMACA-labeled oxazolidinone probe Lz-NBD. The red membrane dye FM4-64FX was added in order to compare co-localization, and the green nucleic acid dye Hoechst-33342 was also used. By overlaying these images, the localization of the antibiotic in the bacteria was visualized, showing internal localization distinct from the membrane and nucleic acid.

Table 1 shows MIC values for three series of fluorescent antibiotics, ciprofloxacin, trimethoprim (TMP), and linezolid (Lz), with data presented for the parent antibiotic, NBD and DMACA derivatives of each. Representative species for each antibiotic were chosen, including both gram-positive and gram-negative. For the ciprofloxacin series, both fluorescent probes lost antibiotic activity compared to the parent drug, but retained some activity against all species. Similarly, the linezolid probes lost some activity, but remained a moderate to weak antibiotic. The TMP probes lost almost all activity against wild type bacteria, but were active against efflux deficient E. coli, indicating that the loss of antibacterial activity was due to lack of accumulation.

FIGURE AND TABLE LEGENDS:
Figure 1: Synthesis and structures of antibiotic-derived probes. (A) The general reaction scheme for the synthesis of fluorescent antibiotic probes from azide-antibiotics and alkyne-fluorophores. (B) The structures of our published probes based on ciprofloxacin, trimethoprim, and linezolid.

Figure 2: Measurement of antibiotic-derived probe purity by LCMS. Analytical LCMS traces from (1) incomplete, (2) complete, and (3) HPLC purified ciprofloxacin-N3 + NBD-alkyne click reactions demonstrating the disappearance of starting material upon reaction completion, and miscellaneous peaks on purification. A = UV-Vis trace (absorbance at 250 nm), B = MS trace (positive and negative mode).

Figure 3: Plate reader measurement of antibiotic-derived probe accumulation. Fluorescence spectroscopic measurement of cellular accumulation of TMP-NBD (50 M) in wild type (1, ATCC 25922) and tolC (2, ATCC 25922) E. coli incubated (A) with and (B) without addition of CCCP (100 M). Statistical significance (∗∗p ≤ 0.01; ∗∗∗p ≤ 0.001) is shown between the absence or presence of CCCP and between wild type and ΔtolC E. coli. Data reported are the mean ± SD for three experiments. This figure is adapted from our previous publication15, and illustrates the use of spectroscopy to elucidate the role of efflux on intracellular accumulation.

Figure 4. Flow cytometry measurement of antibiotic-derived probe accumulation. Flow cytometry measurement of cellular accumulation using TMP-NBD in in wild type (1, ATCC 25922) and tolC (2, ATCC 25922) E. coli incubated with and without addition of CCCP (100 M). Median fluorescence activity is shown from 10,000 bacterial events, Statistical significance (∗∗∗, p ≤ 0.001; ∗∗∗∗, p ≤ 0.0001) is shown between the absence and presence of CCCP and between wild type and ΔtolC E. coli. Data reported are the mean ± SD for three experiments. This figure is adapted from our previous publication15, and illustrates the use of flow cytometry to elucidate the role of efflux on intracellular accumulation.

Figure 5. Confocal microscopy visualization of NBD-probe localization. Confocal microscopy images of 1) live S. aureus labeled with Hoechst-33342 (blue, nucleic acid), TMP-NBD (green), FM4-64FX (red, membrane), and overlaid; 2) live E. coli treated with CCCP (efflux inhibitor) labeled with cipro-NBD (green), FM4-64FX (red, membrane), and overlaid; 2) live E. coli labeled with cipro-NBD (green), FM4-64FX (red, membrane), and overlaid. This figure is adapted from our previous publications15,16, and illustrates the use of microscopy to examine probe localization, including the impact of efflux.

Figure 6. Confocal microscopy visualization of DMACA-probe localization. Confocal microscopy images of live S. aureus labeled with oxazolidinone probe Lz-DMACA (blue), Sytox green (green, nucleic acid), and FM4-64FX (red, membrane).

Table 1: Antibiotic activities of fluorescent antibiotic probes based on ciprofloxacin, trimethoprim, and linezolid against appropriate clinically relevant bacterial strains, as measured by broth microdilution MIC assays. In most cases, the probes lost some activity compared to the parent drug, but retained some measurable antibiotic potency (sufficient to be useful in further studies).

DISCUSSION:
The creation of a successful fluorescent antibiotic probe must begin with careful planning and consideration of the SAR of the parent drug. If the SAR is not known or fully explored, several options may need to be tested to find a site which may be selectively modified without abolishing biological activity. Once a site/s have been identified, the installation of a linker moiety is often essential in order to provide steric spacing between the biological site of action and the inactive fluorophore. Care must be taken that the reaction used to attach the linker to the antibiotic leaves a bio-stable functional group, avoiding, for example, esters that are susceptible to cleavage by esterases in vivo. Depending on the pharmacodynamic and pharmacokinetic profile of the antibiotic, a simple alkyl linker may be used, or else a less lipophilic option such as a polyethylene glycol (PEG) linker should be considered. With the linker attached, the antibacterial activity should be assessed to ensure the MICs against relevant bacteria are similar to the parent compound. 

In this work, we recommend the use of Huigsen azide-alkyne [3+2] dipolar cycloaddition (click chemistry, see Figure 1) to ligate fluorophore to antibiotic, for a number of reasons. Click reactions are highly selective, meaning that protection of reactive groups on the antibiotic is not necessary, and further, the reaction leaves a stable, biocompatible triazole moiety. The azide component is introduced to the antibiotic portion in our procedures, as this is generally more easily accomplished with a variety of structural types than introduction of an alkyne. The syntheses of two alkyne-derivatized fluorophores are described here, though others could be explored if desired. NBD and DMACA were chosen due to their small size, minimizing the possibility of interfering with cell penetration and target interaction. The click reaction itself is carried out using copper catalysis, where either Cu2+ (CuSO4, with an ascorbic acid reducing agent) or Cu+ (CuI) may be used as the starting reagent. Following purification (Figure 2), the MICs should then be tested as with the azide. Even with careful consideration of fluorophore choice and site of attachment, it is possible that poor antibiotic activity will be observed. This does not, however, mean that an inactive probe is without use. As shown with the TMP probes, compounds with poor antibacterial activity may still bind to the same target as the parent drug. This can enable studies on the mode of action and examination of phenomena leading to resistance, such as efflux.

As outlined in the protocols section, it is possible to analyze bacterial labeling by the fluorescent antibiotics using either a simple spectrophotometry assay (Figure 3) or flow cytometry (Figure 4). Both methods are capable of quantifying cellular accumulation, and by lysing cells and examining fluorescence localization in lysate, it is possible to assess intracellular accumulation. In this protocol, the use of lysozyme for cell lysis is described, as this is a rapid, universal technique. Other lysis conditions, such as overnight treatment with glycine-HCl7, have also been successfully used. Using this technique, it is possible to study the impact of efflux on antibiotic cellular accumulation, which is a major mechanism of resistance. If efflux is indeed present in the bacteria, a lack of intracellular accumulation will be observed, though this can be rescued using an efflux inhibitor like CCCP. 

Microscopy may also be carried out to visually inspect probe localization in different bacteria, garnering information on mode of action, and potentially also resistance (see Figure 5 for representative examples). In order to see localization within bacteria, a high resolution confocal microscope is required, equipped with capabilities such as SIM (structured illumination microscopy), SR-SIM (superresolution-SIM), Airyscan, or STED (stimulated emission depletion). Furthermore, high-performance cover slips should be used, and post-imaging analysis carried out on an appropriate software (e.g., FIJI, Zen, or Imaris). Localization of probes is compared to dyes that stain specific architectures, such as Hoechst-33342 (blue, nucleic acid), Syto-9 (green, nucleic acid), and FM4-64FX (red, membrane). The choice of dyes should be made to match the fluorescent antibiotic, so that each color used has minimal spectral overlap. In order to obtain the best possible images, optimization may be required. For example, if bacteria are too crowded on the slide, take only part of the suspended pellet, then dilute with more mounting medium. In contrast, if bacteria are too sparse on the slide, simply start with more bacteria. In this protocol, the use of a thermo reversible gel that is compatible with live cells (e.g., Cygel) is recommended for live cell imaging, as it immobilizes bacteria (including motile bacteria), but other mounting media or agarose have also been successfully used.

Overall, despite challenges that may be faced in the preparation of a biologically active fluorescent antibiotic derivatives, the simplicity of their use and their versatility make these probes attractive tools for research in AMR. Future work using fluorescent antibiotics has the potential to provide insight into mechanisms of antibiotic resistance, improve our understanding of how current antibiotics operate, and aid the development of better drugs.
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