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Abstract

Radiopharmaceutical analysis is limited by conventional methods. Radio-HPLC may be inaccurate 

for some compounds (e.g., 18F-radiopharmaceuticals) due to radionuclide sequester. Radio-TLC 

is simpler, faster, and detects all species but has limited resolution. Imaging-based readout of 

TLC plates (e.g., using Cerenkov luminescence imaging) can improve readout resolution, but 

the underlying chromatographic separation efficiency may be insufficient to resolve chemically 

similar species such as product and precursor-derived impurities. This study applies a systematic 

mobile phase optimization method, PRISMA, to improve radio-TLC resolution. The PRISMA 

method optimizes the mobile phase by selecting the correct solvent, optimizing solvent polarity, 

and optimizing composition. Without prior knowledge of impurities and by simply observing 

the separation resolution between a radiopharmaceutical and its nearest radioactive or non-

radioactive impurities (observed via UV imaging) for different mobile phases, the PRISMA 

method enabled the development of high-resolution separation conditions for a wide range of 18F-

radiopharmaceuticals ([18F]PBR-06, [18F]FEPPA, [18F]Fallypride, [18F]FPEB, and [18F]FDOPA). 

Each optimization required a single batch of crude radiopharmaceutical and a few hours. 

Interestingly, the optimized TLC method provided greater accuracy (compared to other published 

TLC methods) in determining the product abundance of one radiopharmaceutical studied in 

more depth ([18F]Fallypride) and was capable of resolving a comparable number of species 

as isocratic radio-HPLC. We used the PRISMA-optimized mobile phase for [18F]FPEB in 

combination with multi-lane radio-TLC techniques to evaluate reaction performance during high-

throughput synthesis optimization of [18F]FPEB. The PRISMA methodology, in combination 

with high-resolution radio-TLC readout, enables a rapid and systematic approach to achieving 

high-resolution and accurate analysis of radiopharmaceuticals without the need for radio-HPLC.
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1. Introduction

The importance of radiopharmaceuticals in healthcare has boomed in recent years, 

especially with the development and regulatory approval of several novel positron-emission 

tomography (PET) tracers and targeted radiotherapeutics for neuroendocrine tumors 

and prostate cancer, illustrating the profound potential of theranostics and personalized 

medicine[1–6]. There have also been significant advances in new imaging agents to study, 

diagnose, and aid drug development for Alzheimer’s disease[7–9], and discoveries of 

new oncologic targets that may lead to improved diagnostics and therapies for many 

types of cancer[10,11]. In support of these research and clinical uses, the analysis of 

radiolabelled species is vital in applications encompassing the development of novel 

radiopharmaceuticals (e.g., synthesis optimization)[12–16], quality control (QC) analysis 

of formulated radiopharmaceuticals[17,18], and the analysis of radiometabolites[19,20]. 

Separation can be challenging as impurities or metabolites may be numerous, and many may 

have structural similarities to the radiopharmaceutical.

Radiopharmaceutical analysis is traditionally performed using chromatographic methods 

such as radio high-performance liquid chromatography (radio-HPLC) and radio thin-layer 

chromatography (radio-TLC). Though it exhibits high resolution, radio-HPLC has been 

criticized because species such as [18F]fluoride can be trapped in the column. Thus, 

based on detectors at the column output, the chromatogram may not accurately reflect 

the actual radiochemical composition[21]. Traditional radioactivity scanning readouts used 

in radio-TLC circumvent this issue by assessing the entire distribution of analytes along 

the whole plate. However, radio-TLC can suffer from lower resolution than radio-HLPC. 

Imaging-based TLC readout methods can improve readout resolution compared to scanning 

detectors[22,23]. Still, they may not offer improvement if the underlying chromatographic 

resolution of the separation process on the TLC plate is poor.

Though there is an optimum separation distance, with regards to separation efficiency 

and resolution, for each type of TLC plate[24], distances are often kept short in the 

radiochemistry field due to the strong dependence on of separation time on separation 

distance and the need for rapid separations when using short-lived radioisotopes. In 

principle, factors like stationary phase could be varied, but the radiochemistry field 

has predominantly used silica (normal-phase) plates[25–29] and, very occasionally, C18 

(reverse-phase) plates[30]. This leaves mobile phase composition as the main adjustment to 

improve resolution.

Due to the limited knowledge of analytes (e.g., synthesis impurities or metabolites), 

it is often difficult to determine which mobile phases are most appropriate for crude 

radiopharmaceutical mixtures. Traditionally, mobile phases for radio-TLC are selected from 

the literature for a radiopharmaceutical structurally similar to the one of interest. Many 

reports use an organic solvent mixed with water (i.e., with the water added to increase 
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migration for highly polar species) [31–34]. However, we recently showed that water 

could lead to the complex behavior of species on the plate[35], including migration of 

multiple bands corresponding to [18F]fluoride (normally sequestered at the origin), and 

purely organic mobile phases would be preferable.

A systematic approach called PRISMA was developed to facilitate optimal mobile 

phase selection without needing prior knowledge about the structures and properties of 

analytes[36]. Herein, we describe, for the first time in radiochemistry, the use of the 

PRISMA method for the rapid selection of mobile phase conditions to achieve baseline 

separation of the desired radiopharmaceutical from both radioactive impurities (e.g., free 

radionuclide and other radioactive species) and UV-active non-radioactive impurities (e.g., 

precursor or precursor-derived impurities). While the PRISMA method is widely used 

in analytical chemistry laboratories, it has never, to our knowledge, been used in the 

radiochemistry field. This may be due to the fact that available radio-TLC scanners only 

provide detection of radioactive species, which in general does not provide a sufficient 

number of visible high-abundance species to efficiently optimize the mobile phase. We 

overcome this limitation by integrating radiation detection and UV detection in a co-

registered manner using multi-channel imaging-based readout of the developed TLC plates. 

Multiple radiopharmaceuticals with various chemical characteristics, prepared from crude 

radiosyntheses (which contain many impurities with high structural and chemical similarity 

to the desired product), are examined to illustrate the utility of the PRISMA approach.

2. Experimental

2.1 Materials

All reagents and solvents were obtained from commercial suppliers. 2,3-

dimethyl-2-butanol (thexyl alcohol; anhydrous, 98%), 4,7,13,16,21,24-hexaoxa-1,10-

diazabicyclo[8.8.8]hexacosane (Kryptofix 222, K222; 98%), acetic acid (AcOH; glacial, 

>99.9%), acetone (suitable for HPLC, >99.9%), acetonitrile (MeCN; anhydrous, 99.8%), 

ammonium molybdate (99.98% trace metal basis), cerium sulfate, cesium carbonate 

(Cs2CO3; 99.995%), chloroform (>99.5%, contains 100–200 ppm amylenes as stabilizer), 

dichloromethane (DCM; anhydrous, >99.8% contains 40–150 ppm amylene as stabilizer), 

diethyl ether (Et2O; >99.9% inhibitor free), N,N-dimethylacetamide (DMA; extra dry, 

99.8%), dimethylsulfoxide (DMSO; anhydrous, >99.9%), hydrochloric acid (HCl; 36.5–

38%), methanol (MeOH; anhydrous, 99.8%), n-butanol (n-BuOH; anhydrous, 99.8%), 

n-hexane (98%), ninhydrin (used as a TLC stain), n-methyl-2-pyrrolidone (NMP; 

anhydrous, 99.5%), potassium carbonate (K2CO3; ACS grade, >99%), potassium 

bicarbonate (KHCO3; >99.95%, trace metal basis), potassium oxalate monohydrate 

(K2C2O4; ACS reagent, 99%), pyridine (anhydrous, 99.8%), sulfuric acid (99.9%), 

triethylamine (TEA; anhydrous, >99%), tetrahydrofuran (THF; anhydrous, >99.9% 

inhibitor free), tetrakispyridine copper(II) trifluoromethanesulfonate (Cu(py)4(OTf)2; 

95%), toluene (anhydrous, 99.8%), and water (H2O; suitable for ion chromatography) 

were purchased from Sigma-Aldrich (St. Louis, MO, USA). (S)-2,3-dimethoxy-5-[3-[[(4-

methylphenyl)-sulfonyl]oxy]-propyl]-N-[[1-(2-propenyl)-2-pyrrolidinyl]methyl]-benzamide 

([18F]Fallypride precursor, >95%), 5-(3-fluoropropyl)-2,3-dimethoxy-N-(((2S)-1-(2-
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propenyl)-2-pyrrolidinyl)methyl)benzamide (Fallypride reference standard, >95%), 

2-((2,5-dimethoxybenzyl)(2-phenoxyphenyl)amino)-2-oxoethyl 4-methylbenzenesulfonate 

([18F]PBR-06 precursor, >95%), 2-fluoro-N-(2-methoxy-5-methoxybenzyl)-N-(2-

phenoxyphenyl)acetamide (PBR-06 reference standard, >95%), acetamide, N-[2-[2-[[(4-

methylphenyl)sylfonyl]oxy]ethoxy]phenyl]methyl]-N-(4-phenoxy-3-pyridinyl) ([18F]FEPPA 

precursor, >90%), N-acetyl-N-(2-fluoroethoxybenzyl)-2-phenoxy-5-pyridinamine 

(FEPPA reference standard, >95%), 3-nitro-5-[2-(2-pyridinyl)ethynyl]benzonitrile 

([18F]FPEB precursor, >95%), 3-fluoro-5-[(pyridin-2-yl)ethynyl]benzonitrile (FPEB 

reference standard, >95%), ethyl-(2S)-3-[4,5-bis[(2-methylpropan-2-yl)oxycarbonyloxy]-2-

trimethylstannylphenyl]-2-formamidopropanoate ([18F]FDOPA precursor, >95%), (2S)-2-

amino-3-(2-fluoro-4,5-dihydroxyphenyl)propanoic acid (FDOPA reference standard, >95%), 

and tetrabutylammonium bicarbonate (TBAHCO3; 75 mM in ethanol), were purchased 

from ABX Advanced Biochemical Compounds (Radeberg, Germany). Silica gel 60 F254 

sheets (aluminum backing, 5 cm × 20 cm) were purchased from Merck KGaA (Darmstadt, 

Germany). Silica with concentration zone (Silica 60 with diatomaceous earth zone), TLC 

plates, channeled F254, were purchased from Sorbtech (Norcross, GA, USA). Glass 

microscope slides (76.2 mm × 50.8 mm, 1 mm thick) were obtained from C&A Scientific 

(Manassas, VA, USA). UV-C lightbulbs (25W, 254 nm with socket) and pendant lamp 

sockets (light cord with on/off switch) were purchased from Amazon (Seattle, WA, USA).

No-carrier-added [18F]fluoride was produced by the (p, n) reaction of [18O]H2O (98% 

isotopic purity, Huayi Isotopes Co., Changshu, Jiangsu, China) in an RDS-111 cyclotron 

(Siemens, Knoxville, TN, USA) at 11 MeV, using a 1.2-mL silver target with havar foil.

2.2 Preparation of radiopharmaceuticals and standard mixtures

A series of radiopharmaceuticals were prepared using droplet radiochemistry methods 

on Teflon-coated silicon surface tension trap chips[37–39] to illustrate PRISMA’s ability 

to optimize mobile phases for radiopharmaceutical analysis. Detailed protocols for the 

preparation of [18F]FEPPA, [18F]PBR-06, [18F]Fallypride, and [18F]FDOPA have been 

previously reported[40,41].

Crude [18F]FPEB was prepared by adding an 8 μL droplet of [18F]fluoride/[18O]H2O (37–55 

MBq [1–1.5 mCi]; mixed with 120 nmol of Cs2CO3 and 360 nmol of K222) and drying 

at 105 °C for 1 min. Then, the fluorination step was performed by adding a 10 μL droplet 

containing 200 nmol of FPEB precursor dissolved in DMSO to the dried [18F]fluoride 

residue and reacting at 120 °C for 5 min. The crude product was collected by dispensing 10 

μL of 9:1 (v/v) MeOH:H2O to the reaction site and aspirating the volume. This process was 

repeated 6x for 60 μL of collected crude product.

Stock solutions of reference standards were prepared at 20 mM concentrations. 5 mg of 

Fallypride was added to 685 μL of MeOH. 5 mg of PBR-06 was added to 632 μL MeOH. 

5 mg of FEPPA was added to 657 μL of MeOH. 5 mg of FPEB was added to 1130 μL of 

MeOH. 5 mg of FDOPA was added to 1167 μL of MeOH.
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2.3 TLC spotting, developing, and readout

TLC plates were cut (L × W, 6 cm × 3 cm), then marked with a pencil at 1 cm (origin 

line) and 5 cm (development line) from the bottom edge. 1 μL of the relevant crude 

radiopharmaceutical sample was applied to the plate via a micro-pipette. Standard and 

precursor samples were spotted in adjacent individual lanes. The spots were then dried 

under a gentle stream of nitrogen for 1 min. After development using a PRISMA-determined 

mobile phase (see below), the plates were dried under a gentle stream of nitrogen for 3 min 

and then visualized via Cerenkov luminescence imaging (CLI)[22,42] with 1 min exposure 

and UV imaging for 7 ms exposure, as previously reported[35].

Following CLI and UV imaging, some cases used TLC stains by dipping the developed TLC 

plates in the stain of interest (Hanessian stain[43] or ninhydrin). Gentle heating of the TLC 

plate at 80 °C by a hot plate was used to stain the TLC plates. Hanessian stain was prepared 

according to the literature[44].

2.4 Radio-HPLC Analysis of [18F]Fallypride

As a performance comparison, some crude [18F]Fallypride microscale reactions were 

analyzed with radio-TLC and radio-HPLC. The radio-HPLC system setup comprised a 

Smartline HPLC system (Knauer, Berlin, Germany) equipped with a degasser (Model 5050), 

pump (Model 1000), UV detector (254 nm; Eckert & Ziegler, Berlin, Germany), gamma-

radiation detector (BFC-4100, Bioscan, Inc., Poway, CA, USA), and counter (BFC-1000; 

Bioscan, Inc., Poway, CA, USA). A C18 Gemini column was used for separations (250 × 4.6 

mm, 5 μm, Phenomenex, Torrance, CA, USA). Samples were separated with a mobile phase 

of 60% MeCN in 25 mM NH4HCO2 with 1% TEA (v/v) and a flow rate of 1.5 mL/min 

resulting in a retention time for [18F]Fallypride of 5.8 min.

3. Methodology

3.1 Analysis of TLC plates

To determine the chromatographic resolution for the crude radiopharmaceutical lane on 

each plate, a MATLAB program with a graphical user interface (GUI) was developed 

(Supplementary Information Figure S1). Initially, the user is asked to select a CLI image 

file. The program performs background corrections as previously described[22,42], the user 

can scale the image by selecting an upper-intensity value. In the next step, the user selects 

the corresponding UV image file and is instructed to adjust the brightness and contrast 

through programmed slider controls. The adjusted CLI and UV images are combined into 

a composite black and white image (after inverting the pixel intensities of the UV image), 

which is used to define the lane for the automatic generation of CLI and UV line profiles 

(chromatograms). To select the lane’s width, the user draws a line across the broadest 

chromatographic band in the composite image. Following this, the user is prompted to draw 

a line along the center of the lane.

To generate the CLI chromatogram, the program automatically creates a series of adjacent 

line profiles (image brightness versus distance along lane) at 1-pixel increments within the 

defined lane width and, from these, calculates an average line profile and then normalizes it 
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to the highest intensity analyte. This user-defined line profile is then displayed, enabling the 

user to set a threshold height for automated peak identification to ignore background noise. 

The MATLAB program performs automatic peak detection on the resultant chromatogram, 

then fits Gaussian curves to each peak and sums these to create a single multi-Gaussian fit.

A similar process is carried out to generate the UV chromatogram, except that an additional 

correction is made at the end to account for uneven UV illumination along the length of the 

lane. In the UV image, immediately adjacent to the user-selected lane, the program captures 

an additional 20 ‘background’ line profiles just adjacent to each side of the selected lane and 

averages them together into a single ‘background’ line profile, which is subtracted from the 

initial UV chromatogram to give the final corrected UV chromatogram.

After fitting, the MATLAB program computes the centroid and full width half maximumfor 

each peak in the CLI and UV chromatograms, enabling the user to perform the standard 

calculation of chromatographic resolution between the radiopharmaceutical and the nearest 

impurity [45].

3.2 PRISMA optimization

The originally reported PRISMA method[36] was applied with minor modifications. 

The entire optimization process could be carried out with a single batch of crude 

radiopharmaceutical using twenty identically-prepared TLC plates in a few hours. Each plate 

was spotted with three lanes: the crude radiopharmaceutical, the precursor, and the reference 

standard.

Step 1: solvent selection—A total of eight plates were developed with pure solvents 

selected from Snyder selectivity groups[46] to compare separation resolution. The pure 

solvents selected were miscible with n-hexane (Supplemental Information Table S1). 

Based on a visual assessment of their ability to separate impurities (radioactive and non-

radioactive) from the target radiopharmaceutical, three solvents (denoted for purposes of 

the following discussion as A, B, and C) exhibiting the highest degree of separation were 

chosen, where A, B, and C are listed in order of increasing solvent polarity. (It is expected 

that A, B, and C will be different for each different radiopharmaceutical studied.)

Step 2: solvent polarity optimization—To account for the intrinsic differences in 

solvent polarity, solvents are all ‘normalized’ to the same polarity before optimizing the 

solvent mixture. The polarity of a mixture (St) is simply the volumetric average of polarities 

of its constituents, i.e. St = x*SX + y*SY, where × and y are the volume fraction of the two 

component solvents, and SX and SY are the polarities of each of the two component solvents. 

N-hexane (solvent polarity = 0) was used as a dilutant to ‘normalize’ the solvent polarities 

to the same values. Recalling that the strength of the lowest polarity pure solvent (A) is SA, 

diluted forms of the three solvents A, B, and C were prepared that all had strength SA – 

0.5. Similarly, another set of three diluted solvents A, B, C, all with strength SA - 1.0, and 

a third set, all with strength SA - 1.5, were prepared. For each of the three resulting strength 

values (SA – 0.5, SA - 1.0, and SA - 1.5), the corresponding set of three diluted solvents were 

mixed in a 1:1:1 ratio, designated as 333 in selectivity point (Ps) notation, where the three 

digits represent the volume fraction of each of the diluted solvents (i.e., volume fraction × 
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10 and then rounded to an integer value). 3 TLC plates were developed with these equal 

volume polarity-adjusted solvent mixtures. The optimal polarity was selected, so the desired 

radiopharmaceutical band was in the range 0.2 < Rf < 0.8. If multiple solvent polarities 

mobilized the radiopharmaceutical into this range, the polarity with the greatest separation 

of the nearest impurity to the radiopharmaceutical was chosen for further optimization. 

Should none of the solvents mobilize the radiopharmaceutical to the desired range, the 

solvents that moved UV active impurities to the greatest degree were selected for further 

optimization.

Step 3: additive selection—Adding ionic pairing reagents (e.g., TEA and AcOH) can 

sometimes further improve separation resolution. This process was typically performed 

with only a few additional TLC plates. Due to the low concentration of these additives in 

the mobile phases, their polarities in PRISMA optimization are often treated as negligible 

(i.e., 0) and were included in the solvent mixture by simultaneously removing an equal 

volume of n-hexane from the mixture recipe[36]. Initially, the addition of each additive was 

tested at concentrations of 0.1%. Should the resolution or band shapes be improved (i.e., 

reduced tailing or fronting), proportions of 0.5% are additionally surveyed. Should additives 

in these low concentrations lead to no observable differences, additional concentrations 

at 5% are surveyed. Further optimization of the additive concentrations was dynamically 

determined if they led to heightened resolution of the radiopharmaceutical. (Though adding 

larger amounts of additives can have a non-negligible impact on the overall strength of the 

mixture, i.e. changing it slightly from the optimum determined in Step 2, the solvent mixture 

comparisons in Step 4 are all performed with the same proportion of additive and thus same 

overall mixture solvent strength, and useful interpolations can still be made.)

Step 4: composition optimization—Nine additional TLC plates were separated using 

different solvent compositions to optimize the mobile phase composition (Ps values of 100, 

010, 001, 622, 262, 226, 406, 460, and 055, all at the previously selected optimal solvent 

strength and additive amount). The resolution was quantified for each lane. In addition to 

these selectivity points, we also included resolution data for the other selectivity points 

surveyed. We picked the mobile phase composition from this data set that gave the highest 

resolution, performing linear interpolation if needed (Supplementary Information Section 

S1.1).

3.3 Analysis of radiosynthesis performance

Analysis of reaction performance was performed as previously described[40]. Briefly, crude 

radiochemical yield (crude RCY) was calculated by multiplying the efficiency of collecting 

radioactivity from the chip, by the fluorination efficiency determined via TLC analysis.

4.0 Results and Discussion

The PRISMA method optimized radio-TLC mobile phases for several clinically-relevant 

radiopharmaceuticals with varying calculated properties (Table 1).
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4.1 Optimization of separation of [18F]Fallypride samples

Due to its moderate polarity and polar surface area, [18F]Fallypride was selected as an initial 

model compound to undergo the PRISMA process (Figure 1A). The solvent-screening step 

revealed that n-BuOH (denoted as solvent A), THF (denoted as solvent B), and acetone 

(denoted as solvent C) provided the best separation of [18F]Fallypride from impurities. 

Based on the minimum solvent strength of n-BuOH (3.9), the solvent polarities of 3.5, 3.0, 

and 2.5 were chosen for the survey at the equivolume mixture of strength-adjusted solvents 

(i.e., Ps = 333). While all the surveyed polarities led to the mobilization of [18F]Fallypride 

in the Rf range of 0.2–0.8, St = 2.5 led to the greatest separation of [18F]Fallypride from 

other analytes. Tailing of [18F]Fallypride was observable with all mobile phases tested to 

this point. A possible explanation for this tailing could be ion pairing induced by interactions 

between the amide functional group of [18F]Fallypride and surface silanol groups on the 

TLC plate. Different concentrations of TEA[47] were added in percentages of 0.1, 5, and 

10% (v/v) to reduce ionic pairing across the plate during development. Using 10% (v/v) 

TEA led to well-defined bands and was used for further optimization. After surveying nine 

additional solvent mixtures (Ps), the optimal chromatographic resolution for [18F]Fallypride 

from nearest impurity (R = 1.54) was found to be Ps = 055, St = 2.5 (Figure 1B). This 

selectivity point corresponds to a mobile phase composition of 31.3:24.5:34.3:10.0 (v/v) 

THF:acetone:n-hexane:TEA.

4.2 Comparison of optimized radio-TLC to radio-HPLC

We next compared the optimized TLC method with an isocratic HPLC method. While 

there are limitations of comparing a normal-phase TLC method with a reversed-phased 

HPLC method, which furthermore have very different migration lengths, we aimed only 

to compare the number of resolved species (which are likely in different orders), and the 

relative abundance of those species. This comparison is made because normal-phase TLC 

and reversed-phase HPLC (with similar migration lengths as used here) are by far the most 

predominantly used analytical methods in radiochemistry. A crude sample of [18F]Fallypride 

was produced under droplet-radiochemistry conditions[40], modified to result in a low yield 

and high prevalence of side products. Briefly, increased TBAHCO3 (300 vs. 240 nmol) 

was used in the [18F]fluoride drying step, and the radiofluorination was performed with 

100 nmol instead of 234 nmol of precursor and reacted at 140 °C for 10 min instead 

of 110 °C for 1 min. Interestingly, the optimized radio-TLC method separated the same 

number of radioactive analytes as radio-HPLC (Figure 2). We can see evidence, however, 

of the well-known underestimation of [18F]fluoride in the radio-HPLC analysis[21]: the 

abundance of [18F]fluoride computed from the radio-HPLC chromatogram is 71%, but, in 

comparison, was 95% when computed from the radio-TLC. Even more alarming, due to the 

underestimation of [18F]fluoride, the apparent formation of [18F]Fallypride calculated from 

the radio-HPLC chromatogram was nearly 7%, while it was <1% using radio-TLC (Table 

2), suggesting more than a 7-fold error by radio-HPLC. However, if the discrepancy in the 

size of the [18F]fluoride peaks is removed by ignoring this peak in both the radio-HPLC 

and radio-TLC chromatograms, the proportions of all other species are found to be similar, 

indicating excellent quantitative agreement between radio-HPLC and radio-TLC (with the 

PRISMA-optimized mobile phase).
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Because of the excellent agreement, it is possible to consider using an imaging-based 

readout of TLC plates separated according to the PRISMA-optimized mobile phase as 

a simpler and more rapid alternative to radio-HPLC for radiopharmaceutical analysis. If 

multiple samples need to be analyzed, then the advantage of radio-TLC is further magnified 

as multiple samples can be spotted on the same plate and separated and read out in 

parallel11. In contrast, analyzing multiple samples via radio-HPLC requires ample time for 

cleaning and re-equilibration between samples.

4.3 Comparison of literature mobile phases to PRISMA-optimized mobile phase

The separation achieved with the PRISMA-optimized mobile phase was compared to 

mobile phases reported in the literature for the analysis of [18F]Fallypride. We produced 

[18F]Fallypride under previously-reported droplet radiochemistry conditions[40] modified 

to give a moderate yield and many side products. Specifically, the amount of TBAHCO3 

used in the [18F]fluoride drying step was increased (from 240 to 800 nmol), and the 

fluorination was performed with 200 nmol instead of 234 nmol of precursor and reacted 

at 140 °C for 10 min instead of 110 °C for 1 min. Analysis was performed using 

TLC plates with pre-concentration zones, and the separation distance was extended from 

4 to 5 cm to ensure the highest possible separation resolution in all cases. All lanes 

were spotted with 1 μL of the same crude reaction mixture. Figure 3 details the mobile 

phases surveyed, along with the obtained CLI images and generated chromatograms. For 

each mobile phase, we also performed separations using only [18F]TBAF (Supplemental 

Information Figure S3) or [19F]Fallypride (Supplemental Information Figure S4) to confirm 

the Rf values of these species. Abundances of species, computed from areas under peaks 

in the chromatograms, are summarized in Table 3. A significant disparity in the estimated 

abundance of [18F]Fallypride and other species between different mobile phases is evident. 

Mobile phases with aqueous compositions (rows 3, 4, and 5) led to the greatest apparent 

abundance of [18F]Fallypride (i.e., 66.1%, 82.7%, and 84.7%), while purely organic mobile 

phases (rows 1, 2) led to similar abundances of [18F]Fallypride (i.e., 46.5%, 47.4%) 

compared to the PRISMA optimized mobile phase (row 6; [18F]fallypride abundance 

41.4%). The discrepancy in results obtained from the aqueous mobile phases is difficult 

to explain, but due to the high degree of band overlap (with a low number of resolved 

bands), there are likely species co-eluting with [18F]Fallypride. The moderate discrepancy 

between the organic mobile phases suggests that the initial two literature mobile phases 

may result in incomplete separation of analytes, and an overlapping band may be counted 

with the [18F]Fallypride band. Using the same crude [18F]Fallypride sample, we performed 

a radio-HPLC separation, collected the [18F]Fallypride fraction, and compared the activity 

to the injected activity. In addition to the high similarity between the radio-TLC and radio-

HPLC chromatograms (Supplemental Information Figure S5), the abundance of collected 

[18F]Fallypride was 40.2%, in excellent agreement with the abundance obtained from radio-

TLC using the PRISMA-optimized mobile phase.

These results further underscore the problems of [18F]fluoride retention on HPLC columns, 

which can lead to significant over-estimation errors of radiochemical species, especially 

low-abundance ones. Furthermore, the discrepancy when using different radio-TLC mobile 

phases, even for the identical sample, raises questions about the accuracy of reported 
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results using certain mobile phases and underscores the importance of ensuring high 

chromatographic resolution of the analysis method.

4.4 Optimization of separation of [18F]PBR-06 samples

For crude samples of [18F]PBR-06 (Supplemental Figure S6), the solvent screening step 

revealed that diethyl ether (denoted as solvent A), dichloromethane (denoted as solvent 

B), and chloroform (denoted as solvent C) exhibited the greatest separation of impurities 

from [18F]PBR-06. Solvent polarities were normalized to 2.5, 2.0, and 1.5. With the 

solvents mixed in equal proportions (Ps = 333), the greatest separation of [18F]PBR-06 

from impurities was obtained with St = 2.5. Low amounts of AcOH and TEA (0.5%) 

were tested as chromatographic additives. The use of AcOH resulted in more observable 

UV-active impurities and a slightly higher chromatographic resolution for [18F]PBR-06 than 

the use of TEA. After evaluating the impact of other mixtures of the solvents (tested at St = 

2.5 using 0.5% AcOH (v/v)), the greatest resolution of [18F]PBR-06 from nearest impurity 

(R = 1.84) was obtained at Ps = 333, St = 2.5 (Supplemental Figure S6). This selectivity 

point corresponds to a mobile phase composition of 29.8:26.9:20.4:22.85:0.05 (v/v) diethyl 

ether:dichloromethane:chloroform:n-hexane:AcOH.

4.5 Optimization of separation of [18F]FEPPA samples

For samples of [18F]FEPPA (Supplemental Figure S7), the solvent screening test revealed 

that n-BuOH (denoted as solvent A), THF (denoted as solvent B), and acetone (denoted as 

solvent C) provided the best separation of [18F]FEPPA from impurities. These solvents were 

normalized to have polarities of 3.5, 3.0, and 2.5. In equivolume mixtures (Ps = 333), St = 

2.5 showed the greatest separation of impurities from [18F]FEPPA. A screening of additives 

revealed heightened resolution of [18F]FEPPA from impurities using 1% TEA. Further 

solvent mixtures were tested (at St = 2.5 and with the addition of 1% TEA), and Ps = 262, 

St = 2.5 showed the greatest chromatographic resolution of [18F]FEPPA from its nearest 

impurity (R = 2.07). This selectivity point corresponds to a mobile phase composition of 

12.8:37.5:9.8:38.8:1 n-BuOH:THF:acetone:n-hexane:TEA (v/v).

4.6 Optimization of separation of [18F]FDOPA samples

We next considered the two-step radiofluorination of [18F]FDOPA (Supplemental 

Information Figure S8), in which the crude product contains a relatively nonpolar 

radioactive intermediate and the highly polar [18F]FDOPA product. It is notoriously difficult 

to separate extremely polar compounds on normal phase silica TLC plates. For this reason, 

it is notable that the literature for [18F]FDOPA analysis cites the use of reverse phase 

chromatography for radio-TLC analyses[48–50]. In the solvent-screening step, [18F]FDOPA 

could not be mobilized, but using the criteria of the furthest migration of UV impurity bands 

from one another, we selected n-butanol (denoted as solvent A), THF (denoted as solvent B), 

and acetone (denoted as solvent C). The polarity of each pure solvent was normalized to 3.5, 

3.0, and 2.5. When comparing solvent strengths (at Ps = 333), St = 3.5 led to the greatest 

degree of movement for UV impurities, but St = 3.0 led to more distinguishable peaks 

and was chosen for further optimization. High percentages of chromatographic additives 

were tested to address the tailing across the TLC plate. The best separation was found 

with AcOH in 30% abundance. After comparing different solvent mixtures, Ps = 333, (at 
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St = 3.0 at 30% AcOH) exhibited the greatest chromatographic resolution of [18F]FDOPA 

from its nearest impurity (R = 1.18). This selectivity point corresponds to a mobile phase 

composition of 22.6:21.7:19.6:61:30 (v/v) n-butanol:THF:acetone:n-hexane:AcOH. While 

baseline resolution was not achieved, the resolution achieved may be sufficient for synthesis 

optimization or may be improved by adapting the PRISMA method to other types of TLC 

plates.

4.7 Optimization of separation of [18F]FPEB samples

Simple leaving groups in aromatic substitutions, such as NO2 groups, are commonly 

used to radiofluorinate radiopharmaceuticals. It is noteworthy that the separation of these 

radiopharmaceuticals and precursor structures is relatively difficult using HPLC. Thus the 

application of the PRISMA method to [18F]FPEB (Supplemental Figure S9), which is 

produced via SNAR of a NO2 leaving group, serves as a good illustration of the high-

resolution capabilities of PRISMA. The solvent screening step revealed that diethyl ether 

(denoted as solvent A), n-BuOH (denoted as solvent B), and acetone (denoted as solvent C) 

yielded the greatest separation of impurities from [18F]FPEB. Normalizing the polarities of 

the solvents to 2.5, 2.0, and 1.5, a comparison of equivolume mixtures (Ps = 333) showed 

that the best separation could be achieved with St = 1.5. Evaluation of chromatographic 

additives showed a minor improvement when using 1% TEA. After comparing additional 

solvent mixtures, the Ps = 406 mixture (with St = 1.5, 1% TEA) exhibited the best resolution 

of [18F]FPEB from the nearest impurity (R = 1.71). This selectivity point corresponds to a 

mobile phase composition of 21.4:17.6:60.0:1.0 diethyl ether:acetone:n-hexane:TEA (v/v).

4.8 Optimization of [18F]FPEB radiosynthesis with high-resolution TLC analysis

As an example of how the PRISMA method can be used, we performed a high-

throughput synthesis optimization of [18F]FPEB using multi-reaction droplet-radiochemistry 

methods[40] and performed radio-TLC analysis of reactions in a multi-lane fashion[22] 

(8 samples per TLC plate) using the PRISMA-derived mobile phase. In the literature, 

harsh reaction conditions, like high temperature and base concentrations, lead to the 

formation of hydrolyzed impurities similar to the [18F]FPEB39,40, and HPLC analysis 

of crude microscale reactions (via flow-based reactor) of [18F]FPEB shows closely 

eluting radioactive impurities39, that may be difficult to resolve via TLC without careful 

optimization.

Initial microscale conditions were adapted by scaling down conditions reported in 

literature[51]. [18F]fluoride (20–30 MBq) mixed with 500 nmol of the base was first dried 

at 105 °C for 1 min, and then a 10 μL droplet of precursor solution (containing 250 

nmol) was added and reacted for 5 min at 140 °C. We first compared the use of different 

bases (K2C2O4, K2CO3, KHCO3, and Cs2CO3) and two different reaction solvents (DMSO 

and NMP), with n=2 replicates per condition (Figure 4A). Cs2CO3, in combination with 

DMSO, was selected for further optimization based on good crude RCY and low volatile 

loss (high collection efficiency). In optimization of the base amount (Figure 4B), 290 nmol 

was selected as the best compromise of good crude RCY and low volatile losses. From 

a comparison of the impact of precursor amount (Figure 4C), a high amount of precursor 

is needed to improve crude RCY. By replotting the results as a function of the base to 
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precursor ratio (Figure 4D), we noticed we achieved a similar yield with only 120 nmol of 

the precursor by lowering the amount of Cs2CO3 to 200 nmol. The reaction temperature was 

further optimized, revealing an optimal temperature of 140 °C (Figure 4E).

Under the optimized conditions, [18F]FPEB could be produced in a crude RCY of ~16%, 

greater than other reported literature conditions (4–10%)[51–55]. Sixty-four reactions could 

be performed per day, and by employing multi-lane TLC using the optimized mobile phase, 

all samples each day could be analyzed within 60 min. In contrast, using radio-HPLC 

analysis would likely have significantly overestimated the product yield (due to loss of 

[18F]fluoride in the column), and test reactions would have taken approximately 30–40 

min each to analyze. Due to the limited half-life of F-18, only 12–16 samples could be 

practically analyzed each day if HPLC was used. Thus the study would have taken many 

more days, more batches of radioisotope (potentially adding other variables for which 

additional replicates are needed), and more labor hours.

4.9 Additional readout channels via staining

In addition to radiation readout (via Cerenkov imaging) and readout via UV imaging, 

additional chemical information can be gleaned from the TLC plate. Staining is a widely 

used method in TLC analysis that is inexpensive, can be used to detect low abundance 

analytes (via water-based stains like Hanessian), stain for specific functional groups (e.g., 

ninhydrin for the detection of amines), and detect analytes that are not UV-active. To 

demonstrate this principle, we employed TLC stains in the analysis of [18F]PBR-06 

and [18F]Fallypride crude samples. In the samples of [18F]PBR-06, few analytes can be 

visualized by UV analysis by TLC (Supplemental Figure S10). Hanessian staining reveals 

faint traces of additional impurities near the product band. Ninhydrin staining did not reveal 

additional bands (Supplemental Figure S10), but because it stains amine groups, this can 

help determine the potential identities of the bands. For [18F]Fallypride, Hanessian staining 

revealed no additional impurities (Supplementary Figure S11). Ninhydrin staining revealed a 

previously unseen impurity (Supplementary Figure S11).

Staining methods pose an interesting method to visualize low-abundance species and to 

glean additional chemical information about specific bands that could help to identify bands 

and improve understanding of competing reaction pathways. It is striking that the additional 

impurities detected via staining were well separated from the radiopharmaceutical, even 

though they were not visible during the PRISMA procedure to optimize the mobile phase.

5. Conclusions

In this study, a systematic mobile phase selection process, PRISMA, was applied to 

optimize TLC mobile phases to separate crude samples of radiopharmaceuticals. The 

PRISMA method provided a systematic framework to rapidly (<4 h) and efficiently 

(with only 1 batch of the crude radiopharmaceutical) reach a set of development 

conditions resulting in high-resolution separation without prior knowledge of impurity 

identities or properties. The method was successfully applied to multiple examples of 

diverse radiopharmaceuticals, achieving baseline separation of the radiopharmaceutical from 

radioactive and non-radioactive impurities. In the case of [18F]Fallypride, the optimized 
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radio-TLC method rivaled the resolution of isocratic radio-HPLC while resulting in a more 

accurate analysis as the method does not suffer from the issue of loss of [18F]fluoride to the 

column of radio-HPLC. Notably, the optimized TLC conditions can be applied for synthesis 

optimization and potentially to portions of QC testing (e.g., radiochemical purity) or radio-

metabolite studies. [56–64] UV imaging and TLC staining can reveal additional species that 

are not visible with the traditional use of radio-TLC. This streamlined methodology can be 

easily employed by radiochemistry labs, using ubiquitous materials, and enabling anyone to 

develop high-resolution TLC separation methods for accurate radiopharmaceutical analysis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
(A) The PRISMA method comprises several stages of mobile phase optimization to 

determine conditions that provide the best resolution. TLC plates prepared with mixtures 

of [18F]Fallypride and impurities are separated under different conditions and visualized 

via CLI and UV imaging. A custom software program computes the resolution between 

the radiopharmaceutical and the nearest impurity (radioactive or non-radioactive). Dashed 

red lines denote the optimal selection from each stage of the process, and the inset shows 

a chromatogram from the final optimized conditions. (B) The resolution is mapped as a 

function of mobile phase composition and solvent strength (left), and a slice of this prism 
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taken at the optimal solvent strength (2.0) shows how resolution varies as a function of 

composition (right).
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Figure 2. 
(A) Cerenkov luminescence image of a TLC plate after spotting with a crude [18F]Fallypride 

sample and separation via the PRISMA-optimized mobile phase. (B) TLC chromatogram 

was generated by taking a line profile of the Cerenkov luminescence image along the lane. 

The chromatogram is truncated to better show the smaller peaks. (C) Isocratic radio-HPLC 

chromatogram of the same sample.
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Figure 3. 
(A) CLI images of TLC plates spotted with crude [18F]Fallypride and developed with 

different mobile phases from literature (first five entries) and the PRISMA-derived mobile 

phase (last entry). [18F]fluoride is denoted with dashed blue ellipses, side-products denoted 

with dashed white ellipses, and [18F]Fallypride denoted with dashed red ellipses. (B) TLC 

chromatograms were generated by taking a line profile of the Cerenkov luminescence 

images. Chromatograms are truncated to better show the smaller peaks.
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Figure 4. 
Optimization of the synthesis of [18F]FPEB (n = 2), leveraging high-throughput analyses 

enabled by multi-lane radio-TLC using the PRISMA-optimized mobile phase. Reaction 

volume is 10 μL and reaction time is 5 min in all cases. (A) Impact of different bases and 

two different reaction solvents. Relative pH is shown below each data point.53 Precursor 

amount: 250 nmol, base amount: 500 nmol, reaction temperature: 140 °C. (B) Effect of the 

amount of Cs2CO3. Precursor amount: 250 nmol, reaction temperature: 140 °C. (C) Effect of 

precursor amount. Cs2CO3 amount: 290 nmol, reaction temperature: 140 °C. (D) Data from 
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B and C were replotted to show the effect of the base:precursor ratio. (E) Effect of reaction 

temperature. Precursor amount: 200 nmol, Cs2CO3 amount: 120 nmol.
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Table 1.

Selected radiopharmaceuticals and their calculated properties. cLogP denotes the calculated partition 

coefficient (a measure of the lipophilicity) of the radiopharmaceutical, and TPSA denotes the total 

polar surface area of the radiopharmaceutical. Properties were calculated using the open-source software 

DataWarrior[65].

Radiopharmaceutical cLogP TPSA H-Bond Donor Count H-Bond Acceptor Count

[18F]PBR-06 4.6 48.0 0 5

[18F]FEPPA 3.6 51.7 0 5

[18F]Fallypride 3.3 50.8 1 5

[18F]FPEB 2.7 36.7 0 3

[18F]FDOPA −2.0 104.0 4 6
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Table 2.

Comparison of the radiochemical composition of a crude [18F]Fallypride sample as determined by radio-TLC 

and radio-HPLC.

Peak

Integration (%)

HPLC
A

HPLC
B

TLC
A

TLC
B

[18F]fluoride 70.5 - 94.7 -

1 8.7 29.9 1.6 30.7

2 11.0 37.2 2.4 36.3

3 3.3 11.0 0.6 11.6

[18F]Fallypride 6.5 22.0 0.8 21.3

A
Estimation accounts for all peaks, including [18F]fluoride

B
Estimation ignores [18F]fluoride and is calculated solely based on other peaks
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Table 3.

Integration of analytes detected by radio-TLC in the analysis of [18F]Fallypride.

Mobile Phase
(v/v) Number of Observable Peaks

Abundance (%)

Fallypride Rf[18F]fluoride [18F]Fallypride

Impurities

1 2 3 4

10:90
MeOH:DCM16 6 46.7 46.5 1.7 2.0 1.3 1.8 0.65

50:50
MeOH:EtOAc

1% TEA17 6 43.9 47.4 0.7 1.7 4.7 1.7 0.76

60:40
MeCN:25 mM NH4HCO2

1% TEA11,34 3 30.4 66.1 3.6 - - - 0.87

95:5
MeCN:H2O19 4 9.6 82.7 6.6 1.1 - - 0.55

90:10
MeCN:H2O35 4 6.9 84.7 4.3 2.3 - - 0.66

31.3:24.5:34.3:1.0
THF:acetone:n-hexane:TEA 6 49.8 41.4 2.3 1.0 1.5 4.0 0.91
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