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ABSTRACT 

Click chemistry provides a powerful method for selectively linking diverse molecular building blocks to create 

sophisticated molecules efficiently. Here, we report the use of copper(I)-catalyzed biorthogonal cycloaddition 

between alkynes and azides for the indirect incorporation of fluorine-18 into an estradiol-based compound, aimed 

at imaging estrogen receptors. The synthesis protocol was entirely established and refined using an automated 

module, with parameters adjusted to deliver the target molecule in satisfactory yield and avoid any solid formation. 

While the in vitro and in vivo data did not support advancement as a clinical radiotracer, the results are nonetheless 

important because automated systems are indispensable for producing PET tracers reliably and repeatedly under 

Good Manufacturing Practice standards, all while reducing radiation exposure to staff.   
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Introduction 

Click chemistry encompasses a family of reactions noted for their excellent yields and specificity, permitting the 

efficient connection of two molecular fragments with byproducts that are simple to eliminate under benign 

reaction conditions. This approach was originally conceptualized by the laboratory of Dr. Barry Sharpless [1] and 

has since been broadly adopted in areas like pharmaceutical development, biological ligation, polymer chemistry, 

and nanotechnology [2-4]. Radiopharmaceutical design has similarly benefited from these reactions [5, 6]. The 

initial example in this area involved forming triazole-containing polydentate chelators bound to peptides or 

proteins through the classic Huisgen 1,3-dipolar cycloaddition of terminal alkynes with organic azides [7]. 

Notably, 1,4-substituted 1,2,3-triazoles function as flexible coordinating agents with multiple binding sites for 

transition metals and have seen extensive use in designing candidate 99mTc-based imaging agents [8-10]. Our 

laboratory has leveraged this technique to generate technetium-labeled conjugates of glucose, nitroimidazole, 

flutamide, and estradiol analogs (Figure 1) [11-16].   
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Figure 1. 99mTc complexes with different biomolecules synthesized by our group using “click reactions”. 

 

A further prominent role for click chemistry in radiopharmaceuticals lies in building labeling precursors by 

appending prosthetic moieties for radiohalogen introduction [17, 18]. Among positron-emitting isotopes, fluorine-

18 stands out as the most common choice for PET due to its suitable decay properties (half-life of 109.7 min and 

positron energy of 635 keV) and rich organic chemistry that supports both nucleophilic and electrophilic pathways 

for direct 18F attachment to many compounds of interest. That said, the demanding conditions of direct 

fluorination often damage sensitive biological molecules. Indirect strategies—first preparing a radiolabeled 

synthon and then conjugating it—offer a gentler alternative that preserves biomolecule integrity by bypassing 

extreme pH or heat [19, 20].   

The current study outlines the implementation of Huisgen cycloaddition to produce [18F]F-FEET (Figure 2), a 

modified estradiol intended for PET visualization of estrogen receptors (ER). Estrogen receptors are nuclear 

hormone receptors central to breast cancer pathophysiology. They appear in merely 6–10% of healthy mammary 

epithelial cells but are overexpressed in approximately 70% of initial breast malignancies. Tumors classified as 

ER-positive (ER+) typically show good response to endocrine therapy, whereas ER-negative (ER−) cases demand 

different therapeutic approaches [21-24]. Reliable detection of ER status in tumors serves as a key prognostic 

marker and helps forecast likely benefit from hormone-blocking treatments. Biopsy remains a standard technique 

for this assessment, yet tumor heterogeneity means a tiny sample might not capture the full receptor profile. 

Additionally, the procedure is invasive, entails risks, can be uncomfortable for patients, may disturb the local 

tumor environment, and could fail to sample relevant areas [23, 24]. Nuclear medicine-based molecular imaging 

complements biopsy effectively, being far less invasive, enabling repeated measurements over time, supplying 

functional rather than just anatomical data, and surveying large or whole-body regions [25]. From the 1980s 

onward, various teams have tested both steroid-derived and non-steroid ligands as PET or SPECT probes for ER 

visualization in breast cancer cases, though the majority faltered during animal testing or initial human trials. A 

landmark achievement came in 1984 when Kiesewetter and colleagues [26] introduced 16α-[18F]fluoroestradiol 

([18F]FES) [21, 26, 27]. Subsequent work confirmed that [18F]FES detects tracer accumulation in both primary 

lesions and metastases with high sensitivity and aids in tracking treatment response to hormone therapy. 

Limitations persist, however, particularly the inability to identify hepatic metastases because of substantial 

background from physiological tracer clearance in the liver [22, 25, 28-31]. In May 2020, the U.S. FDA authorized 

[18F]FES for PET imaging to identify estrogen receptor-positive sites and to supplement biopsy findings in 

individuals with relapsed or metastatic breast cancer [32]. Even with this milestone, ongoing efforts to devise 

superior ER-directed radiotracers that overcome the drawbacks of [18F]FES are strongly warranted. 
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Figure 2. Structure of [18F]F-FEET. 

 

The compound [18F]F-FEET, chemically named (13S,17S)-17-(1-([18F]2-fluoroethyl)-1H-1,2,3-triazol-4-yl)-

13-methyl-7,8,9,11,12,13,14,15,16,17-decahydro-6H-cyclopentaphenanthrene-3,17-diol, exhibits the standard 

pharmacophore features required for an estrogen receptor agonist, such as an aromatic A-ring and hydrogen-

bonding hydroxyl groups at positions C3 and C17. The distance between the oxygen atoms of these two hydroxyl 

groups is exactly 11 Å, supported by a rigid hydrophobic core; these structural elements are essential for 

maintaining biological activity [33, 34]. Radiofluorination was performed indirectly by attaching a prosthetic 

group at the 17-position of ethinylestradiol via a triazole formed through click chemistry, with a two-carbon linker 

bearing the [18F]fluorine atom connected to the 4-position of the triazole (Figure 2).   

Materials and Methods  

General   

Reagents were analytical purity and applied directly without extra refining. Thin-layer chromatography (TLC) 

utilized ready-coated silica plates (Sigma Aldrich, Merck Group, San Luis, MI, USA) and standard anisaldehyde 

for spot detection. Proton NMR data were acquired at 400 MHz using CDCl₂ as solvent, with shifts (δ) in ppm 

referenced to solvent residuals. Peak patterns are labeled s (singlet), d (doublet), t (triplet), or m (multiplet). 

Reactions employed dry solvents; analyses used HPLC-purity ones. Compound separation and detection occurred 

on a Shimadzu UFLC Prominence unit with SPD-M20A diode-array UV module (Shimadzu, Japan) plus B-FC-

3200 gamma scintillation probe (LAB LOGIC). Columns were Phenomenex Phenosphere ODS (80 Å, 250 × 4.6 

mm, 5 μm particle), eluted with water (A)/acetonitrile (B) gradient: 10–90% B (0–10 min), then isocratic 90% B 

(10–15 min) at 1.5 mL/min, tracking UV at 280 nm and radioactivity. Software control was via LabSolutions® 

v5.9. Activity readings came from a Capintec CRC 25 calibrator. In vitro and physicochemical counts used an 

ORTEC digiBASE multichannel NaI(Tl) detector (2.5 × 2.5 inch crystal, 1086 channels). 

 

Synthesis   

Synthesis of A   

2-Bromoethanol (1.34 g, 10.95 mmol) and NaN₃ (0.85 g, 13.14 mmol) were dissolved in dry DMSO (30 mL), 

heated under N₂ at 100 °C for 6 h, then left stirring at ambient temperature for another 18 h. Solvent was stripped 

at reduced pressure (60 °C), followed by ether/water partitioning (10 × 10 mL each). Organics were MgSO₄-dried, 

concentrated at 25 °C under vacuum, delivering A (yellow oil, 90% yield).   

¹H NMR A (400 MHz, CDCl₃) δ (ppm): 3.76 (m, 2H), 3.38 (t, 2H). 

 

Synthesis of B   

Crude A (0.87 g, 9.99 mmol) in dry CH₂Cl₂ (30 mL) plus Et₃N (2 mL, 6.46 mmol) was iced to 0 °C before slow 

addition of mesyl chloride in CH₂Cl₂ (2.26 g, 11.90 mmol). Warming to room temperature, the N₂-protected stir 

continued 5 days. Alumina column elution with hexane/EtOAc (7:3) purified B (yellow oil, 17% yield).   

¹H NMR B (400 MHz, CDCl₃) δ (ppm): 7.83 (d, 2H), 7.38 (d, 2H), 4.17 (t, 2H), 3.49 (t, 2H), 2.46 (s, 3H). 

 

Synthesis of C   

B (0.66 g, 2.73 mmol) and ethinylestradiol (0.40 g, 1.36 mmol) in t-BuOH (6 mL) received an aqueous mix of 

ascorbic acid (0.011 g, 0.055 mmol) and Cu(OAc)₂ (0.020 g, 0.11 mmol) (4 mL water). Stirring proceeded 6 days 

at room temperature, dark, under N₂. EtOAc extractions (10 × 10 mL), MgSO₄ drying, and vacuum removal at 40 

°C gave crude C (yellow oil, apparent yield >100%).   
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¹H NMR C (400 MHz, CDCl₃) δ (ppm): 7.69 (d, 2H), 7.52 (s, 1H), 7.31 (d, 2H), 7.17 (d, 1H), 7.06 (d, 1H), 6.65 

(dd, 1H), 6.62 (dd, 1H), 6.57 (d, 1H), 6.55 (d, 1H), 4.66 (t, 2H), 4.42 (t, 2H), 2.80 (m, 4H), 2.61 (s, 1H), 2.40–

1.25 (m, 20H), 1.05 (s, 3H), 0.88 (s, 6H). 

 

Synthesis of [19F]F-FEET   

Compound C (0.05 g, 0.09 mmol) was combined with tetrabutylammonium fluoride (TBAF) (0.030 g, 0.11 mmol) 

in dry DMF (2.5 mL). Heating proceeded at 130 °C for 6 h under nitrogen and away from light. Workup involved 

multiple ether/water extractions (10 × 10 mL), followed by vacuum concentration at 60 °C, yielding a yellow oil 

(39.6%).   

MS (EI, 10 eV) m/z: 385 (M⁺). 

 

Radiolabeling   

Production of [18F]F⁻   

Highly enriched [18O]H₂O (>98%, Huayi Isotopes) was irradiated in a GE PETtrace cyclotron target using 16 

MeV protons, producing 18.5–55.5 GBq (18,500–55,500 MBq) of no-carrier-added [18F]fluoride via the 

¹⁸O(p,n)¹⁸F reaction. The activity was then routed to the Synthra RNplus Research synthesizer. 

 

Conditioning of 18F   

Aqueous [18F]fluoride was trapped on a Sep-Pak® QMA Light cartridge (Waters, Germany). Release into the 

reaction vessel was achieved with K₂CO₃ (3.5 mg) and Kryptofix 2.2.2 (Sigma Aldrich, San Luis, MI, USA) (15 

mg) in 1:9 H₂O/MeCN (1000 μL). Traces of water were eliminated by heating at 95 °C under helium flow and 

vacuum. 

 

Radiofluorination of C to obtain [18F]F-FEET   

To the dried [18F]fluoride residue was added precursor C (1 mg, 0.002 mmol) in anhydrous acetonitrile (1 mL). 

The substitution reaction was maintained at 90 °C for 20 min. 

 

Radiofluorination of B to obtain D   

Activated [18F]fluoride (1850–5550 MBq) received precursor B (2 mg, 0.008 mmol) dissolved in dry acetonitrile 

(1 mL). Heating at 90 °C was applied for 20 min to effect labeling. 

 

Complete synthesis of [18F]F-FEET in an automated module   

Starting activity (3330–3700 MBq) of dry [18F]fluoride was treated with B (2 mg, 0.008 mmol) in dry MeCN (1 

mL) at 90 °C for 20 min in the first reactor. The crude intermediate was then shuttled to reactor 2, where 

ethinylestradiol (0.001 mmol, 2 eq), 0.45 M CuSO₄ (0.01 mmol, 30 eq), 1.5 M sodium ascorbate (0.05 mmol, 100 

eq) in methanol (300 µL), and 50 mM phosphate buffer pH 6 (100 µL) were introduced. Cycloaddition occurred 

at 80 °C for 30 min. Crude product underwent on-module purification via Sep-Pak® C18 Plus light cartridge 

(Waters, Germany).   

Specific Activity = 0.22–0.25 GBq/µmol. 

 

Physicochemical studies   

Stability in the Labeling Milieu   

The final radiotracer formulation was stored at room temperature. Samples taken at 1, 2, 3, and 4 h post-

preparation were analyzed for radiochemical purity using the HPLC method described in Section 4.1. 

 

Stability in human plasma   

A portion of the radiotracer (100 µL, 47–53 MBq) was mixed with human plasma (1000 µL) and kept at 37 °C. 

At 1, 2, 3, and 4 h intervals, 200 µL portions were taken. Cold absolute ethanol (200 µL, −15 °C) was added to 

denature proteins, and the tubes were held at −20 °C for 5 min. Samples were then spun at 100× g for 5 min at 0 

°C. Radiochemical purity of the clear supernatant was evaluated by HPLC according to the protocol in Section 

4.1. 

 

Lipophilicity   
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Hydrophobicity was measured at pH 7.4 as the octanol/phosphate buffer distribution coefficient (log Po/aq). In a 

tube, octanol (2 mL) and 0.1 M phosphate buffer pH 7.4 (1.9 mL) were equilibrated. Radiotracer (100 μL, 47–53 

MBq) was introduced, the mixture vortexed vigorously for 2 min, and centrifuged (4000 rpm, 5 min). Duplicate 

100 μL samples from each layer were withdrawn, and radioactivity counted on a solid scintillation detector. The 

experiment was repeated three times. Log Po/aq was computed as the ratio of counts in the organic layer to counts 

in the aqueous layer. 

 

Plasma protein binding   

Binding to plasma proteins (PPB) was quantified via size-exclusion on Illustra MicroSpin G-50 columns (GE 

Healthcare, Chicago, IL, USA). Control tubes contained 475 μL water + 25 μL tracer; test tubes had 475 μL 

human plasma + 25 μL tracer (12–14 MBq). Both were warmed at 37 °C for 30 or 60 min. Column preservative 

was cleared by spinning 1 min at 716× g. Then, 25 μL of control or test solution was applied and centrifuged 1 

min at 716× g. Activity in the flow-through (bound fraction) and column retentate was measured by scintillation 

counting. Bound percentage was taken as activity in the eluate. 

 

In vitro studies   

Cellular experiments utilized the MCF-7 line (ATCC® HTB-22™, Manassas, VA, USA), an adherent human 

breast adenocarcinoma model. Cultures were maintained in T-75 flasks (Greiner Bio-One, Sigma Aldrich, Merck 

Group, San Luis, MI, USA) in DMEM (A1316, 9050 PanReac AppliChem ITW Reagents, Darmstadt, Germany) 

containing 10% fetal bovine serum (Gibco, ThermoFisher Scientific, Waltham, MA, USA), penicillin (100 U 

mL⁻¹, Sigma Aldrich, Merck Group, San Luis, MI, USA), and streptomycin (100 μg mL⁻¹, Sigma Aldrich, Merck 

Group, San Luis, MI, USA) under 37 °C and 5% CO₂. 

 

Uptake assay dependent on the activity of the radiotracer   

Confluent cultures (1 × 10⁶ cells/T-75 flask) received [18F]F-FEET at 0.37, 0.74, 1.85, or 3.7 MBq and were 

incubated 1 h at 37 °C in 5% CO₂. Medium was then discarded, monolayers rinsed twice with PBS (10 mL), and 

cells released by trypsin-EDTA treatment (3 mL, 5 min, 37 °C, 5% CO₂). Radioactivity in detached cells and 

supernatant was quantified by scintillation counting. Cell-associated activity was reported as percentage of total. 

 

Uptake assay dependent on the time of incubation   

Confluent cultures (1 × 10⁶ cells/T-75 flask) were exposed to 0.74 MBq [18F]F-FEET for 30 min, 1 h, or 2 h at 

37 °C under 5% CO₂. Medium was removed, cells washed twice with PBS (10 mL), and harvested via trypsin-

EDTA (3 mL, 5 min, 37 °C, 5% CO₂). Activity was counted separately in the pooled washes plus medium (12 mL 

+ 20 mL PBS) and in the cell fraction using scintillation detection. Uptake was expressed as percentage of total 

activity in cells. 

Results and Discussion 

The radiotracer [18F]F-FEET was prepared using two distinct approaches. Method 1 employs precursor C, which 

features the estradiol scaffold and a tosylate leaving group to enable direct nucleophilic radiofluorination. Method 

2 utilizes prosthetic group B, containing both a tosylate leaving group and an azide functionality, allowing milder 

conjugation to the pharmacophore via Huisgen cycloaddition with ethinylestradiol. Both routes are illustrated in 

Figure 3.   
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Figure 3. Synthesis of [18F]F-FEET by methods 1 and 2. 

 

The non-radioactive reference compound FEET ([19F]F-FEET) was prepared to verify the identity of the 

radiolabeled product by co-elution in HPLC analysis. [19F]FEET was obtained by direct fluorination of 

compound C with tetrabutylammonium fluoride in DMF following a reported protocol [35]. The isolated product 

was purified and its structure confirmed using spectroscopic techniques.   

 

Synthesis of [18F]F-FEET – method 1   

Synthesis of C (Precursor)   

Precursor C, 2-(4-((13S,17S)-3,17-dihydroxy-13-methyl-7,8,9,11,12,13,14,15,16,17-decahydro-6H-

cyclopenta[a]phenanthren-17-yl)-1H-1,2,3-triazol-1-yl)ethyl 4-methylbenzenesulfonate, was synthesized in 

multiple steps starting from 2-bromoethanol as depicted in Figure 4. The sequence began with replacement of 

bromine by azide to yield intermediate A, followed by introduction of the tosylate to form B, and concluded with 

a Huisgen cycloaddition between the azide of B and the alkyne of ethinylestradiol to produce C (Figure 4).   

 

 
Figure 4. Synthesis of precursor (C). 

 

Azide displacement of bromide was accomplished with sodium azide in dry dimethyl sulfoxide over 24 h 

according to the procedure of Berta et al. [36], affording A in over 90% yield. Tosylation was conducted using 

the method of Hay et al. [37]. Although mesyl chloride was not fully consumed after five days, the reaction was 

stopped upon detection of a new lower-Rf product by TLC. Purification on alumina column chromatography 

provided B in 17% yield. The final click cycloaddition was a Cu(I)-catalyzed 3+2 reaction between 
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ethinylestradiol’s terminal alkyne and the azide of B, forming the triazole linkage. Cu(I) was generated in situ 

from Cu(II) and ascorbic acid in aqueous media [7, 13, 14]. After six days, ethyl acetate extraction yielded crude 

C with an apparent yield exceeding 100% due to contamination by residual ethinylestradiol and salts.   

 

Radiofluorination of C to obtain [18F]F-FEET   

Radiofluorination of precursor C was conducted via nucleophilic substitution on a Synthra RNplus Research 

automated module. Precursor C in DMSO was treated with Kryptofix® (Sigma Aldrich, San Luis, MI, USA) and 

K2CO3 at 50 °C for 30 min [35, 38]. Reaction progress was tracked by radio-HPLC. The gamma-detected 

chromatogram revealed substantial unreacted [18F]fluoride (retention time 1.4 min) and only 1.6% (ndc) of the 

desired product at 9.9 min, identified as [18F]F-FEET by co-injection with the non-radioactive standard (Figures 

5a and 5b).   

 

  

a) b) 

Figure 5. (a) γ chromatographic profile obtained in the radiofluorination of C, (b) UV chromatographic 

profile obtained with [19F]F-FEET. 

 

UV monitoring at 280 nm of the same reaction showed extensive decomposition of precursor C, with multiple 

new peaks and only a minor signal matching authentic C at 11 min (Figures 6a and 6b). The poor radiochemical 

yield was attributed to precursor instability under the demanding conditions of direct radiofluorination, prompting 

a shift to Method 2.   

 

  

a) b) 

Figure 6. (a) UV chromatographic profile obtained in the radiofluorination of C, (b) UV chromatographic 

profile of purified C. 

 

Synthesis of [18F]F-FEET – method 2   

Radiofluorination of B to obtain D   

Method 2 involved initial nucleophilic radiofluorination of 2-azidoethyl 4-methylbenzenesulfonate (B), bearing a 

tosylate leaving group, to produce 1-azido-2-[18F]fluoroethane (D). The retained azide then enabled subsequent 

attachment of the biomolecule via Huisgen cycloaddition (Figure 3)—(Method 2).   



Khan et al., Indirect ^18F-Labeling of Estradiol via Automated Click Chemistry: Radiochemical Development and In Vitro 

Evaluation 

 

 

204 

Radiofluorination of B was executed on the Synthra RNplus Research module at 90 °C for 20 min using Kryptofix 

(Sigma Aldrich, San Luis, MI, USA) and K2CO3, conditions informed by literature and prior laboratory 

experience [35, 38]. Optimal radiochemical yields exceeding 90% (ndc) required 2 mg of B; reducing the amount 

to 1 mg lowered the yield to 69% (ndc).   

Manual synthesis of [18F]F-FEET   

With radiolabeled prosthetic group D secured in high yield (>90%, ndc), conjugation to ethinylestradiol was 

performed manually via click chemistry to furnish the target radiotracer. Starting conditions were adapted from 

published reports (Hausner et al. [39], Marik et al. [40], and Evans et al. [41]).   

An initial 10:1 ethinylestradiol/D molar ratio with a 3:1 ethinylestradiol/CuI ratio and excess sodium ascorbate 

and base produced the product in 31% yield (ndc) after 10 min at room temperature. Extending the reaction time 

progressively raised the yield to 99% (ndc) (Table 1) (entries 1, 2, and 3). However, precipitation occurred under 

these conditions, hindering automation. To mitigate this, the amount of poorly soluble ethinylestradiol was 

decreased, and the temperature was raised to improve solubility. A 5:1 ethinylestradiol/D ratio at 80 °C for 15 

min gave 69% yield (ndc) (Table 1) (entry 4), while extending to 30 min achieved 94% (ndc) (Table 1) (entry 5). 

Precipitation persisted in these trials.   

 

Table 1. Optimization of Huisgen reaction’s conditions using CuI as catalyst. 

Experiment 

No. 

Ethinylestradiol 

(equiv) 

Ascorbic 

Acid (equiv) 

CuI 

(equiv) 

DIPEA 

(equiv) 

D  

(equiv) 

Reaction 

Time (min) 

Reaction 

Temperature 

Isolated 

Yield (%) 

1 0.1 1 31 3 31 10 r.t 31.1 

2 0.1 1 31 3 31 45 r.t 81.2 

3 0.1 1 31 3 31 65 r.t 98.7 

4 0.1 0.5 31 3 31 15 80 °C 69.3 

5 0.1 0.5 31 3 31 30 80 °C 94.0 

6 0.03 1 10 1 10 30 r.t 84.8 

7 1 1.6 - 1.2 3.6 20 60 °C 4.2 

8 1 1.6 - 1.2 3.6 30 60 °C 3.9 

eq = equivalents, r.t = room temperature. Observations: Precipitation occurred under all tested reaction conditions. 

Further experiments involved raising the equivalents of D while lowering those of Cu(I), sodium ascorbate, and base (Table 1, entries 6, 7, 

and 8). Satisfactory yields were obtained (Table 1, entry 6), yet precipitation was still observed in every trial. 

 

Despite achieving acceptable radiofluorination yields, the persistent precipitate prompted a switch to more soluble 

catalytic systems, following the approach described by Glaser et al. [42], which employs Cu(II) as CuSO₄. 

Methanol was chosen as the solvent, with all reactions conducted at 80 °C while varying reagent equivalents and 

reaction durations (Table 2). An initial trial using a 6:1 ethinylestradiol/D molar ratio, 9 eq. of CuSO₄, 30 eq. of 

sodium ascorbate, and 15 min reaction time yielded only 6% (ndc) (Table 2), (entry 1). Increasing CuSO₄ to 30 

eq. and sodium ascorbate to 300 eq., while keeping ethinylestradiol and D masses unchanged, raised the yield to 

55% (ndc) (Table 2), (entry 2). Extending the reaction time to 30 min further improved the yield to 85% (ndc) 

(Table 2, entry 3). Although precipitation was reduced compared to the prior Cu(I) strategy, it remained present 

under these conditions. The optimal outcome (41% yield, ndc; entry 9)(Table 2) was achieved by doubling the 

ethinylestradiol equivalents relative to the fluorinated synthon, using 30 eq. of CuSO₄, 100 eq. of sodium 

ascorbate, and 30 min at 80 °C. 

 

Table 2. Optimization of Huisgen reaction conditions using CuSO₄. 

Experiment 

No. 

D 

(equiv) 

Ethinylestradiol 

(equiv) 

CuSO₄ (0.45 

M, equiv) 

Ascorbic Acid 

(1.5 M, equiv) 

Reaction 

Time (min) 

Isolated 

Yield (%) 

1 1 6 9 30 15 5.7 

2 1 6 30 300 15 54.8 

3 1 6 30 300 30 84.8 

4 1 2 30 300 15 35.3 

5 1 2 30 300 30 73.0 

6 1 2 30 30 15 3.8 



Khan et al., Indirect ^18F-Labeling of Estradiol via Automated Click Chemistry: Radiochemical Development and In Vitro 

Evaluation 

 

 

205 

7 1 2 30 30 30 6.2 

8 1 2 30 100 15 15.2 

9 1 2 30 100 30 41.2 

10 1 2 30 50 15 20.1 

11 1 2 30 50 30 41.7 

eq = equivalents, Observations: Precipitation was observed in all tested conditions except entry 9 (highlighted in bold). 

 

Figure 7a displays the chromatographic profile for the conditions of Table 2 entry 9. The main peak at 10.3 min 

corresponds to [18F]F-FEET, with an impurity at 6.7 min attributed to unreacted D and free fluoride at 2.6 min. 

Purification via solid-phase extraction on a Sep-Pak® (Waters, Germany) C18 Plus light cartridge yielded a single 

peak with radiochemical purity (RCP) > 90% at 10.3 min retention time (Figure 7b). 

 

 
a) 

 
b) 

Figure 7. (a) Chromatographic profile obtained for entry 9 of Table 2; (b) Chromatographic profile obtained 

after the purification of [18F]F-FEET. 

 

Complete synthesis of [18F]F-FEET in an automated module   

Fully automated production of [18F]F-FEET was accomplished on the Synthra RNplus Research module in 80 

min, starting from 3330–3700 MBq activity. As illustrated in Figure 8, the process begins with precursor B, where 

the tosylate is displaced by [18F]fluoride in reactor 1 to form D. The intermediate solution is then transferred to 

reactor 2 for the Huisgen cycloaddition, yielding [18F]F-FEET. Final purification was carried out within the 

module using a Sep-Pak® C18 Plus light cartridge (Waters, Germany). The formulated product was passed 

through a sterile filter, and quality control by HPLC consistently showed a single peak at 10.3 min with 100% 

RCP. 
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Figure 8. Complete synthesis of [18F]F-FEET in an automated module Synthra RNplus. 

 

Physicochemical studies   

Purified [18F]F-FEET underwent evaluation of stability in formulation medium, stability in human serum, 

lipophilicity, and plasma protein binding (PPB) (Table 3) [13]. 

 

Table 3. Physicochemical studies of [18F]F-FEET. 

Property Value 

Radiochemical purity (RCP) in labeling medium after 4 hours > 95% 

Radiochemical purity (RCP) in human plasma after 4 hours > 95% 

Log P (octanol/aqueous) 1.8 ± 0.1 

Plasma protein binding (PPB) 58 ± 7 % 

n = 3. 

 

Stability in the labeling medium was assessed by monitoring RCP via HPLC over 4 h post-synthesis, remaining 

>95% throughout. Serum stability was examined by incubating the radiotracer in human plasma at 37 °C, 

precipitating proteins, and analyzing the supernatant by HPLC at various time points; this measures only the 

unbound fraction. [18F]F-FEET maintained RCP >95% for the full 4 h period. 

Lipophilicity, expressed as the octanol/phosphate buffer (0.1 M, pH 7.4) partition coefficient, was 1.8 ± 0.1. 

Plasma protein binding, determined by size-exclusion chromatography, was 58 ± 7%. 

 

In vitro biological studies   

In vitro experiments were performed using the MCF-7 cell line (ATCC® HTB-22™, Manassas, VA, USA) [43]. 

Cellular uptake of [18F]F-FEET was measured at varying tracer activities (0.37, 0.74, 1.85, 3.7 MBq) after 1 h 

incubation at 37 °C in 5% CO₂ (Table 4). 

 

Table 4. Uptake of [18F]F-FEET in MCF-7 cells using different activities of the radiotracer. 

(MBq) % Uptake 

0.37 1.0 ± 0.2 

0.74 1.3 ± 0.4 

1.85 1.3 ± 0.2 

3.7 1.0 ± 0.2 

n = 3/1 h incubation. 
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Uptake was also evaluated as a function of incubation time (30, 60, and 120 min) at a fixed activity of 0.74 MBq 

(Table 5). Data from both tables indicate that uptake is largely independent of radiotracer activity and incubation 

duration within the ranges examined [13,14,44]. 

 

Table 5. Uptake of [18F]F-FEET in MCF-7 cells determined at different incubation times. 
 % Uptake 

30 min 0.60 ± 0.04 

1 h 0.6 ± 0.1 

2 h 1.0 ± 0.5 

n = 3/0.74 MBq. 

 

The preparation of the estradiol-based compound [18F]F-FEET through click chemistry involved nucleophilic 

substitution via both direct and indirect radiofluorination strategies. The initial approach followed a conventional 

route, performing radiofluorination directly on the pre-synthesized precursor C, which incorporates the estradiol 

framework and a tosylate as an effective leaving group for reaction with 18F.   

Precursor C was constructed over three steps. The sequence started with replacement of the bromide in 

commercially available 2-bromoethanol with an azide using NaN₃ in DMSO. Next, the tosylate was introduced 

employing methylsulfonyl chloride under basic conditions in CH₂Cl₂ as solvent. The final step comprised a 

Huisgen cycloaddition between the azide of intermediate B and the terminal alkyne of ethinylestradiol. All 

intermediates were characterized by ¹H NMR. Although the spectrum of C revealed minor contamination by 

residual ethinylestradiol, its formation was confirmed by a distinctive singlet at δ = 7.52 ppm—absent in 

ethinylestradiol and assigned to the triazole proton based on literature and prior laboratory findings [13, 14]—

verifying successful click conjugation. The remaining proton signals further supported the structure of C.   

Direct radiofluorination of C at 90 °C produced [18F]F-FEET in extremely low yield. Evidence of precursor 

decomposition under these harsh conditions, generating multiple unidentified byproducts, necessitated an 

alternative strategy to introduce 18F while preserving the structural integrity of the estradiol scaffold.   

In radiopharmaceutical synthesis, radionuclides are typically incorporated as the last step. However, when the 

targeting biomolecule is sensitive, labeling a small prosthetic group first—followed by mild conjugation—is 

preferred [5, 6].   

Numerous prosthetic groups have been described for this purpose, but those equipped with either an azide or 

alkyne functionality are particularly advantageous owing to the high reliability and selectivity of click 

cycloadditions. Moreover, the robustness and modular nature of these reactions make them highly suitable for 

automated platforms commonly employed with positron emitters [5, 6, 45]. Automated synthesizers ensure 

consistent, reproducible radiopharmaceutical production, minimize operator radiation exposure, and facilitate 

compliance with good manufacturing practices (GMP) when required. A key limitation, however, is the 

incompatibility of precipitates with narrow tubing and valves in these modules, which can cause blockages. Thus, 

adapting click chemistry for automation requires conditions that balance satisfactory radiochemical yield with 

complete solubility of all components.   

While numerous reports describe 18F click reactions in automated systems, automation is frequently limited to 

prosthetic group radiolabeling, with subsequent biomolecule conjugation performed manually [6].   

In contrast, this study reports a fully automated protocol for synthesizing the target radiotracer. Manual 

optimization of the click conjugation between the prosthetic group and ethinylestradiol preceded transfer to the 

automated platform.   

Click reactions generally proceed via two catalytic systems: direct use of CuI or in situ generation of Cu(I) from 

Cu(II) salts and sodium ascorbate in aqueous media. We initially explored the CuI route, identifying conditions 

that delivered good yields but invariably produced precipitates unsuitable for automation. Switching to the more 

soluble CuSO₄ system, combined with methanol to aid dissolution of ethinylestradiol at 80 °C, eliminated 

precipitation and afforded an overall yield of 41%.   

These optimized parameters were successfully implemented in the Synthra RNplus Research module for end-to-

end synthesis of [18F]F-FEET while retaining comparable yield.   

Fully automated 18F click chemistry remains rare in the literature. One example is the work of Iannone et al. [46], 

who radiolabeled a distinct prosthetic group and coupled it to a novel PSMA-617 analog using Cu(II) salts and 

sodium ascorbate. Their extensive optimization—driven by the extreme insolubility of the biomolecule—relied 
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on aqueous-organic solvent mixtures to prevent precipitation, similar to our approach, yet achieved only 6.1% 

(ndc) overall yield, substantially lower than reported here.   

Another case is that of Zhang et al. [47], who prepared [18F]DHMT for reactive oxygen species imaging. They 

employed the same prosthetic group as in this study (1-azido-2-[18F]fluoroethane) but with reduced radiolabeling 

efficiency (71–87%, ndc) compared to our >90%. Conjugation utilized the Cu(I)-stabilizing ligand TBTA in a 

mixed solvent system, yielding 6.9% (ndc) of the final tracer—again below our 40%. These comparisons highlight 

the challenges of automating such reactions and underscore the ongoing need for process refinement to enable 

routine clinical application of click-based radiotracers.   

Following synthesis, purified [18F]F-FEET was subjected to physicochemical characterization, stability 

assessments, and in vitro evaluation. The compound remained stable in formulation medium and human plasma 

for at least 4 h, exhibited lipophilicity suitable for passive membrane permeation [48, 49], and showed moderate 

plasma protein binding. These properties are appropriate for a candidate ER imaging agent. As a nuclear receptor 

target, ER requires tracers capable of intracellular entry via passive diffusion in the absence of specific 

transporters. Plasma protein binding strongly influences pharmacokinetics, typically slowing blood clearance for 

highly bound compounds. The observed PPB for [18F]F-FEET (58 ± 7%) is elevated but markedly lower than 

that of the parent ethinylestradiol (98.3 ± 0.6%) reported in the literature [50]. 

Cell-based biological assessments were performed employing the MCF-7 cellular model [43]. MCF-7 cells are 

extensively utilized in breast cancer investigations due to their accurate representation of various real-world 

characteristics of the pathology, notably in estrogen receptor-positive (ER+) subtypes. This model's primary 

strength lies in its robust ERα levels, closely matching those in the majority of aggressive breast tumors, rendering 

it indispensable for ERα-focused work [51]. 

Data from Tables 3 and 4 reveal minimal cell incorporation rates that remained largely unaffected by radiotracer 

dose or exposure length. Accumulation of [18F]F-FEET reached only 0.8 ± 0.2%, far below the values for 

unmodified estradiol (6.6 ± 1.4%) and the established benchmark [18F]FES (6.3 ± 1.3%), all obtained via 

equivalent protocols [14]. Such outcomes point to the molecular alterations required for radioisotope attachment 

severely compromising ER interaction and affinity. An analogous compound, [18F]F-FETE from Xu and 

coworkers [52], likewise displayed limited accumulation in MCF-7 cultures. The shared triazole moiety at 

estradiol's 17-site in these agents—with [18F]F-FEET bearing a short two-carbon spacer at triazole position 4, 

versus a longer six-carbon chain with dual ether linkages in [18F]F-FETE—highlights the receptor's stringent 

structural demands. Even though position 17 is generally considered tolerant of changes based on prior studies, 

these findings underscore the challenges in crafting viable ER probes. This aligns with longstanding hurdles in 

ER imaging tracer development, exemplified by the limitations of the sole FDA-authorized agent, 

[18F]fluoroestradiol ([18F]FES) [32], including marked hepatobiliary excretion [22, 25, 28-31]. 

Conclusion 

This work illustrates the effective use of click cycloaddition to construct a prospective radiopharmaceutical 

through 18F incorporation. The chosen route entailed radiolabeling a compact prosthetic group first, then attaching 

the sensitive biomolecule under gentle Huisgen conditions. The full sequence was executed on an automated 

synthesizer, outperforming the modest yields seen in the handful of analogous published cases. While cellular 

data ruled out utility as an estrogen receptor probe, the achievement remains noteworthy. Fully automating click 

processes is notoriously difficult, reflected in the few prior successes. Thus, the robust method developed here 

provides a practical template for upcoming radiotracers built around fragile biomolecules unable to tolerate the 

aggressive settings of conventional direct fluorination. 
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