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Abstract

Introduction—Radio thin layer chromatography (radio-TLC) is commonly used to analyze 

purity of radiopharmaceuticals or to determine the reaction conversion when optimizing 

radiosynthesis processes. In applications where there are few radioactive species, radio-TLC is 

preferred over radio-high-performance liquid chromatography due to its simplicity and relatively 

quick analysis time. However, with current radio-TLC methods, it remains cumbersome to analyze 

a large number of samples during reaction optimization. In a couple of studies, Cerenkov 

luminescence imaging (CLI) has been used for reading radio-TLC plates spotted with a variety of 

isotopes. We show that this approach can be extended to develop a high-throughput approach for 

radio-TLC analysis of many samples.

Methods—The high-throughput radio-TLC analysis was carried out by performing parallel 

development of multiple radioactive samples spotted on a single TLC plate, followed by 

simultaneous readout of the separated samples using Cerenkov imaging. Using custom-written 
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MATLAB software, images were processed and regions of interest (ROIs) were drawn to enclose 

the radioactive regions/spots. For each sample, the proportion of integrated signal in each ROI was 

computed. Various crude samples of [18F]fallypride, [18F]FET and [177Lu]Lu-PSMA-617 were 

prepared for demonstration of this new method.

Results—Benefiting from a parallel developing process and high resolution of CLI-based 

readout, total analysis time for eight [18F]fallypride samples was 7.5 min (2.5 min for parallel 

developing, 5 min for parallel readout), which was significantly shorter than the 48 min needed 

using conventional approaches (24 min for sequential developing, 24 min for sequential readout on 

a radio-TLC scanner). The greater separation resolution of CLI enabled the discovery of a low-

abundance side product from a crude [18F]FET sample that was not discernable using the radio-

TLC scanner. Using the CLI-based readout method, we also observed that high labeling efficiency 

(99%) of [177Lu]Lu-PSMA-617 can be achieved in just 10 min, rather than the typical 30 min 

timeframe used.

Conclusions—Cerenkov imaging in combination with parallel developing of multiple samples 

on a single TLC plate proved to be a practical method for rapid, high-throughput radio-TLC 

analysis.

Keywords

Radiopharmaceutical analysis; Radiosynthesis optimization; Quality control testing; 
Radiochemical purity; Thin-layer chromatography; High-throughput analysis

2 Introduction

Thin layer chromatography (TLC) is a technique used to separate the chemical components 

of a mixture to identify its composition. TLC has multiple uses ranging from analysis of 

purity and yield in chemical synthesis[2,3], separation of species in biological assays[4], 

and, in conjunction with a radiation detector, analysis of radiopharmaceuticals used for 

positron emission tomography (PET)[5–7], single-photon emission computed tomography 

(SPECT)[8,9], or targeted radiotherapy[10,11]. In particular, radio-TLC is useful as a means 

to measure the conversion of radionuclide incorporation into the target radioactive product 

during synthesis development and optimization; its use is further extend as a quality control 

(QC) testing of the final formulated radiopharmaceutical to ensure radiochemical purity and 

radiochemical identity[12] before administering to patients. Radio-high-performance liquid 

chromatography (radio-HPLC) is another chromatography technique for analysis, and is 

particularly useful when distinct separation of multiple compounds is needed. However, in 

many radiopharmaceutical analysis applications, radio-TLC is sufficient and is preferred 

over radio-HPLC due to its simplicity, quantitative measurement of [18F]fluoride amount 

(can be underestimated in HPLC due to retention on the column[13]), relatively short 

measurement time[14], and low need for maintenance.

Typically, a TLC plate (spotted with a small amount of the sample and then developed with a 

mobile phase) will be analyzed using a radio-TLC scanner, in which a radiation detector is 

moved along the plate to obtain measurements of emitted radiation as a function of distance 

along the plate. Most radio-TLC scanners (e.g. AR-2000, Eckert & Ziegler) use gas-based 
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radiation detectors that are sensitive to gamma radiation as well as beta particles. Downsides 

of such systems are the requirements for continuous supply of gas as well as periodic 

calibrations. Other radio-TLC scanners (e.g. miniGITA, Raytest) are based on crystal 

scintillators and photodiodes that do not require a gas supply. Sometimes, different detectors 

can be installed depending on the radionuclides of interest. Spatial resolution is related to the 

range of the type(s) of radiation of interest. High resolution can be achieved by employing 

detectors sensitive and specific to short-ranged particles (e.g. alpha, beta). For longer-ranged 

radiation (e.g. gamma rays), resolution is much lower, but can be somewhat improved if a 

collimator is installed (at the expense of sensitivity).

Typically, the TLC plates used are 60 – 100 mm long and take 10 – 30 min to develop. The 

length of the TLC plate is needed both to achieve adequate chemical separation and provide 

enough readout resolution. The scanning time depends on activity level, but typically 1–3 

min is sufficient to analyze each TLC lane[15,16].

Our laboratory is developing high-throughput radiolabeling methods for optimization of 

synthesis conditions or preparation of compound libraries, resulting in the need to perform 

significant numbers of TLC separations and analyze the resulting TLC plates, requiring 

significant time for development and scanning.

Though some scanners, e.g. AR-2000, have space to install multiple TLC plates which can 

be scanned automatically in sequence, the overall analysis time is additive and still remains 

long[17]. To reduce the readout time, we have looked into alternative approaches for readout 

of TLC plates. Other than scanning detectors, several techniques have been used to more 

efficiently read radio-TLC plates. One such technique is electronic autoradiography. Such 

systems, e.g. Instant Imager (Canberra Packard) have a large-area multiwire proportional 

counter detector, on which multiple radio-TLC plates can be imaged simultaneously. This 

system has been shown to be accurate and suitable for imaging of a wide range of isotopes 

(Tc-99m, I-124, F-18, Cu-64, C-11)[15,18–20]. Radio-TLC plates have also been imaged in 

a more cumbersome two-step process by first exposing a phosphor screen that is 

subsequently scanned with a phosphor imaging system[21] (e.g. Perkin Elmer Cyclone 

Plus). Additional types of detectors have been used for simultaneous readout at multiple 

positions along a TLC plate thus avoiding the need for scanning. For example, using a 64×1 

array of scintillator crystals above a photodiode array, Jeon et al. quantified samples spotted 

at multiple locations with different radioisotopes (Tc-99m, F-18) and found excellent 

agreement with an AR-2000 scanner [16]. In another example, Maneuski et al. used a 

pixelated solid-state Timepix silicon detector to obtain a 2D image of a partial radio-TLC 

plate spotted with an unspecified 18F-containing compound [22]; however the detector size 

is small and multiple expensive detectors would be needed to image a full radio-TLC plate 

or multiple plates.

A more scalable approach is Cerenkov luminescence imaging (CLI) in which radiation is 

detected indirectly via Cerenkov light emission, and the overall detection area can be scaled 

with a suitable optical system rather than larger detector. In this CLI approach, Cerenkov 

light is emitted by radiation particles that have sufficient energy to exceed the speed of light 
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in the medium through which they are traveling (i.e. the TLC plate matrix itself, or a 

transparent material placed over the TLC plate).

CLI-based detection of compounds containing a wide variety of radionuclides has been 

demonstrated, including H-3, C-11, C-14, F-18, P-32, Cu-64, Ga-68, I-124, and I-131. 

Originally reported as a method to observe radioactivity in microfluidic chips [23,24], CLI is 

also used for in vivo optical imaging [25,26], intraoperative imaging [27,28], and has been 

reported for readout of radio-TLC plates [29]. A significant advantage of CLI is that, if the 

thickness of the transparent medium is comparable to the radiation particle range, the spatial 

resolution is limited by the particle range. For example, for positrons from F-18, the spatial 

resolution when using poly-dimethylsiloxane (a transparent polymer with similar index of 

refraction to glass) was shown to be hundreds of microns [23]. (Even though the positrons 

will eventually lead to the production of 511 keV gamma rays, there is negligible production 

of Cerenkov light due to gamma rays passing through the thin transparent layer. In contrast, 

due to the long range of gamma rays, scanners based on gamma detection, even with the 

smallest available collimators, have spatial resolution of at least many millimeters. Another 

attractive feature of this technique is that it can be used for imaging of β− particles (mostly 

involved in therapeutic applications in cancer), which do not emit gamma rays (as occurs 

after positron emission) and thus are not easily imaged by systems based on gamma 

detection [25].

Park et al. reported a proof-of-concept demonstration in 2011, showing the possibility to use 

a commercial small-animal luminescence imaging system (IVIS 200, Caliper Life Sciences) 

to perform CLI of a developed radio-TLC plate spotted with an unspecific mixture of 131I-

containing compounds[29]. The quantified percentage of luminescence in each of four ROIs 

compared favorably to the analysis using a conventional radio-TLC scanner (AR-2000). 

Furthermore, the CLI approach augmented the resolution between separated species, while 

imaging could be performed rapidly (1 min). Using a custom-built optical imaging system, 

Spinelli et al. later showed that the imaging time of radio-TLC plates with spotted samples 

of [68Ga]Ga-DOTANOC (7 kBq) could be reduced (compared to CLI) by placing the plates 

in contact with a phosphor-containing intensifying screen [30]. Recently, Ha et al. 
investigated the effect of different types of TLC plates (differing backing materials, 

stationary phase type and thickness, and addition of fluorescent indicator) by placing 

multiple spots of various radioisotope solutions (e.g. H-3, P-32, I-124, and I-131) on TLC 

plates, imaging these plates directly and quantifying relative intensity between spotting 

locations[31], showing the possibility to significantly increase the CLI signal and sensitivity. 

An interesting feature of this work was a demonstration that multiple radio-TLC plates (16) 

could be positioned within the large field of view of the small animal scanner (IVIS 

Spectrum or IVIS Lumina II, Caliper) for simultaneous imaging, and thus speeding the 

readout when multiple plates are analyzed. However, the high cost (an order of magnitude 

higher than a conventional radio-TLC scanner) and large size of the small animal scanners 

may not be practical for many radiochemistry laboratories.

Though demonstrating the potential for high-throughput readout of radio-TLC plates, Ha et 
al. did not develop the TLC plates (i.e. did not perform sample separations). It can be 

assumed that this step would be very time-consuming and cumbersome for a large number 
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of TLC plates, and that this time and effort would dominate the overall radio-TLC analysis 

process.

In this paper, we tackle this missing step and we show a practical approach for the complete 

analysis of radio-TLC plates (both separation and readout) in a high-throughput, time- and 

labor-efficient manner. This was accomplished by leveraging the high resolution of CLI and 

optimizing the sample volume to enable multiple samples to be spotted close together on the 

same TLC plate. All samples could then be rapidly developed in parallel (leveraging the 

high imaging resolution to enable very short separation distances) and then read out 

simultaneously using a compact Cerenkov imaging system [32]. We demonstrate high-

throughput radio-TLC analysis of complex mixtures of 18F-labeled and 177Lu-labeled 

radiopharmaceuticals including (S)-N-((1-Allyl-2-

pyrrrolidinyl)methyl)-5-(3-[18F]fluoropropyl)-2,3-dimethoxybenzamide ([18F]fallypride), 

[18F]fluoroethyl-tyrosine ([18F]FET) and [177Lu]Lu-PSMA-617 for assessment of 

radiochemical purity or reaction conversion. Interestingly, the Cerenkov imaging readout 

clearly showed small peaks that were not discernable with a conventional radio-TLC scanner 

(miniGITA), was able to identify anomalies in the spotting/separation process that also 

would not be apparent when using a conventional scanner and resulted in superior accuracy 

and precision compared with conventional radio-TLC scanning.

3 Experimental Section

3.1 Preparation and developing of radio-TLC plates

Samples of crude radiopharmaceuticals were deposited with a micropipettor 15 mm from the 

edge of the TLC plate. Deposited volume was 1.0 μL unless otherwise specified. Typically, 4 

samples were spotted on each 50 mm × 60 mm TLC plate along the 50 mm edge at 1 cm 

spacing so that 4 “lanes” would be formed during development. We also performed spotting 

of 8 samples at 0.5 cm spacing on 50 mm × 35 mm TLC plates. For mock TLC plates, we 

spotted with [18F]fluoride/[18O]H2O at multiple points on the TLC plate and then 

immediately dried the plate (i.e. no development was performed).

[18F]Fallypride samples (synthesized according to Figure S1) were deposited onto silica gel 

60 F254 sheets (aluminum backing) and developed with 60% MeCN in 25 mM NH4HCO2 

with 1% TEA (v/v). The solvent front took ~8 min to travel 55 mm (i.e. 35 mm separation 

distance), or ~2.5 min to travel 30 mm (i.e. 15 mm separation distance).

Samples of [18F]FET and the fluorinated intermediate (see Figure S1) were spotted onto 

silica gel 60 F254 sheets (aluminum backing) and developed with a 80:20 (v/v) mixture of 

MeCN and DI water. The solvent front took ~9 min to travel 55 mm (i.e. 35 mm separation 

distance). In some cases, single samples were spotted onto longer TLC plates (Baker-flex 

silica gel IB-F sheets, 25 mm × 75 mm, plastic backing) to allow increased separation 

distance. In these cases, the solvent front took ~20 min to travel 70 mm (i.e. 55 mm 

separation distance).
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Samples of [177Lu]Lu-PSMA-617 were spotted onto RP-18 silica gel 60 F254 sheets 

(aluminum backing) and developed with a 75:25 (v:v) mixture of MeOH and DI water with 

0.1% TFA. After developing, the plates were dried at room temperature.

To estimate radioactivity of deposited samples, measurements of radioactivity to estimate 

radioactivity concentration of samples were performed with a calibrated dose calibrator 

(CRC-25PET, Capintec, Florham Park, NJ, USA).

3.2 Analysis of TLC plates by Cerenkov luminescence imaging

After drying, the plates were imaged for 5 min with a previously-described home-built setup 

[32], with minor modifications to support radio-TLC plates instead of microfluidic chips. 

Briefly, the radio-TLC plate was carefully placed on a clearly marked platform within a 

light-tight chamber, covered with a transparent substrate (i.e., glass microscope slide), and 

the Cerenkov light (emitted when particles travel sufficiently fast through the glass that they 

exceed the speed of light in glass) was detected by a scientific cooled camera (QSI 540, 

Quantum Scientific Imaging, Poplarville, MS) equipped with a 50 mm F/1.2 lens (Nikkor, 

Nikon, Tokyo, Japan). Some experiments were performed using a thin, transparent plastic 

scintillator plate instead of glass to increase the light output. After use, glass substrates were 

discarded and scintillator plates were carefully cleaned, to avoid cross-contamination.

The temperature of the camera was maintained at −10°C for dark current reduction. The 

field of view was 50 × 50 mm2.

The raw image comprised an array of values (analog-to-digital units; ADUs) corresponding 

to detected light at each pixel location. Using custom-written MATLAB software, images 

were first processed with three corrections as previously described[32], including CCD dark 

current and bias level correction, lens vignetting and CCD pixel nonuniformity correction, 

and 3 × 3 median filtering. In addition, we performed background subtraction by selecting 

an area of the image not containing radioactive sample, computing the average pixel value, 

and subtracting this average from the pixel values across the whole image. Regions of 

interest (ROIs) were manually drawn on this final corrected image to enclose the radioactive 

regions/spots. Each ROI was integrated, and then the fraction of the integrated signal in that 

ROI (divided by the sum of integrated signal in all ROIs) was computed.

3.3 Analysis of TLC plates via radio-TLC scanner

TLC plates were scanned with a miniGITA TLC scanner (Elysia-Raytest; Straubenhardt, 

Germany) for 3 min, and the resulting chromatograms were analyzed by GINA-STAR 

software (Elysia-Raytest). Specifically, the software allowed identification of peaks and 

integrating the area under the curve (AUC) for each peak. The fraction of total AUC 

contained within each peak was then computed.

Prior to radio-TLC scanner analysis, TLC plates containing multiple samples of 

radiopharmaceuticals were first cut into individual “lanes”, each lane corresponding to a 

single separated sample.
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3.4 Comparison of readout with CLI versus a radio-TLC scanner

To assess the accuracy and precision of readout using the CLI method, five TLC plates were 

spotted with different patterns of activity. (Details of samples and TLC plate preparation are 

included in the Supplemental Information, Section 7.) Cerenkov images and radio-TLC 

scans of these plates were obtained as described above. To compare readout methods (CLI 

and miniGITA scanner), a survey was made that requested participants (experienced 

operators of radio-TLC scanners; n=8) to analyze the CLI images and the chromatograms 

obtained with the miniGITA scanner. As a normalization factor, and to account for possible 

errors in preparing stock solutions and pipetting, the activity in the spots was also measured 

with an automatic well-type gamma counter (WIZARD 3” 1480, Perkin Elmer, Waltham, 

MA, USA), after cutting the TLC plates into segments to isolate the individual spots.

4 Results and Discussion

4.1 High-throughput radio-TLC analysis

Recently we have developed droplet-based platforms to perform multiple radiochemical 

reactions simultaneously that can be used for exploration of reaction parameters and/or to 

increase the number of replicates of each reaction. Such studies require a means for high-

throughput sample analysis. A previously-described home-built Cerenkov imaging setup[32] 

with minor modifications to support radio-TLC plates instead of microfluidic chips (Figure 

1) was used to image the radio-TLC plates. The field of view was 50 mm × 50 mm. When 

using 5 min acquisitions, the corresponding limit of detection (LOD) and limit of 

quantification (LOQ) were determined to be 0.8 kBq/μL and 2.4 kBq/μL, respectively, for 1 

μL spots of fluoride-18 (Figure S2,S3), and the linear range extended up to 21.3 MBq 

(Figure S5). The LOD could be further reduced by replacing the glass cover with a 

scintillator (Figure S4). Even though the sensitivity of our CLI-based scanner (with glass 

cover) is lower than existing commercial gamma-based radio-TLC scanners (typically 

reported as ~10 Bq, though the measurement conditions are often unclear), the sensitivity is 

nevertheless sufficient for analysis of 1 μL spots as we have demonstrated. When needed, 

the sensitivity can be boosted via the use of scintillator substrate instead of a glass substrate 

or via improvements in geometry (e.g. using a short lens-to-sample distance).

As an initial demonstration of high-throughput analysis, replicates of both [18F]fallypride 

(Supplemental Information Section 6) and [18F]FET samples were studied. Two replicates of 

a sample of the crude intermediate product (collected after fluorination of the FET 

precursor) were spotted on the left half of the plate and two replicates of a sample of the 

crude [18F]FET product (collected after the subsequent hydrolysis step) were spotted on the 

right side. The CL image of the developed TLC plate (35 mm separation distance; silica gel 

60 F254) is shown in Figure 2A. At the same time, each sample was also spotted on an 

additional, longer TLC plate (55 mm separation distance; silica gel IB-F), developed, and 

scanned with the radio-TLC scanner (sample chromatograms in Figures 2B and 2C). The 

greater separation resolution of CLI was readily apparent: a low-abundance side product (6 ± 

0% of activity, n=2) was easily visible in the CL images (showing 3 distinct regions for both 

samples), but was not clearly discernable or quantifiable using the radio-TLC scanner 

software (showing only 2 peaks for each sample). For the pair of samples of the fluorinated 
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intermediate, percentages of [18F]fluoride, impurity and intermediate determined from the 

CL image were 27 ± 0 % (n=2), 4 ± 0 % (n=2) and 68 ± 0 % (n=2), respectively. Using the 

miniGITA scanner after cutting the TLC plate into individual “lanes”, the percentages of 

[18F]fluoride and intermediate for one “lane” were 32% and 68%, respectively. For the pair 

of samples of the crude [18F]FET product, percentages of [18F]fluoride, [18F]FET and 

impurity from the CL image were 15 ± 0 % (n=2), 79 ± 0 % (n=2) and 6 ± 0 % (n=2), 

respectively. In the analysis from the miniGITA scanner, the percentages of [18F]fluoride 

and [18F]FET were 19% and 81%, respectively. Aside from the cleaner separation and better 

resolution, the CLI-based method also had the benefit of faster analysis. The total imaging 

time for the whole plate (5 min) is independent of the number of samples, while additional 

scanning time is needed for each strip cut from the radio-TLC plate (4 × 3 min = 12 min).

4.2 Increasing sample throughput

To further increase the number of samples that can be analyzed simultaneously, one option 

would be to redesign the optical system (including lens) to achieve a larger field of view. 

Then, a TLC plate (wider than 50 mm) with more spots (“lanes”) could be developed and 

imaged without increasing the overall analysis time (i.e. without increasing the developing 

time or readout time). Such an approach would result in a reduction in the number of pixels 

per imaged spot, however, potentially increasing the noise level slightly and decreasing 

sensitivity. Additionally, any change in light collection efficiency of the overall system (e.g. 

moving the camera farther away from the TLC plate) will also affect the signal and the 

sensitivity.

Alternatively, the size of the radio-TLC plates could be further reduced to allow multiple 

plates to fit within the field of view. Due to the excellent separation in the Cerenkov images, 

we hypothesized that the separation length could be even further reduced. Figure 3A shows 

the separation of 4 crude samples of [18F]Fallypride, with a separation distance of only 15 

mm. The radio-TLC plate (silica gel 60 F254) cut to 50 mm × 35 mm size was spotted with 

two 1 μL droplets and two 0.5 μL droplets at 1 cm spacing along the long edge of the plate, 

15 mm from this edge. After developing, the resulting CLI images showed clear separation 

of the spots, allowing accurate quantification. The fluorination efficiency obtained with the 

CLI-based analysis for 1 μL spot size was 76 ± 0 % (n=2), and for 0.5 μL spot size was 74 ± 

1 % (n=2). To compare with the radio-TLC scanner, each TLC plate was cut into four lanes. 

The resulting chromatograms showed 78% conversion for 1 μL spot size and 74% for 0.5 μL 

spot size, but, notably, the peaks exhibited very significant overlap (Figure 3B), which we 

show, below, can introduce significant errors and uncertainties into the analysis. To further 

increase the throughput, 8 samples from a batch of crude [18F]Fallypride were spotted (0.5 

μL droplet size) on the TLC plate at 5 mm spacing and separated for 15 mm as well (Figure 

3C). The fluorination efficiency obtained with the CLI-based analysis appears to be 

consistent (73 ± 1 %, n=8). In another experiment, 2 different batches (n=4 replicates each 

batch) of crude [18F]fallypride were analyzed, enabling fluorination efficiency to be easily 

determined for each (Figure 3D). In addition to being able to fit a larger number of samples 

in the CLI system field of view, the plate could be developed more quickly (i.e. 2.5 min for 

the 15 mm separation distance vs. 8 min for 35 mm separation). Though not demonstrated 
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here, readout throughput could be further increased by placing 2 of these TLC plates within 

the field of view of the CLI system.

Though it is still practical to manually delineate the multiple ROIs for each of the 8 samples, 

the analysis process could be further streamlined by developing software tools for automated 

or semi-automated region segmentation.

4.3 Comparison of readout via CLI versus a radio-TLC scanner

Using five TLC plates spotted with different patterns of activity (2 or 3 separate spots with 

varying amounts of radioactivity), we obtained a TLC-scan and a CL image, and then asked 

experienced TLC operators (n=8) to analyze the two sets of data. These data were then 

normalized using gamma counter measurements of the actual activity in each of the spots on 

the TLC plate. Results for each of the five sample TLC plates are summarized in Figure 4, 

and in the Supplementary Information, Table S1.

For all plates, the CLI images showed well-separated spots and participants could readily 

draw ROIs that accurately contained the activity of each spot. In contrast, the radio-TLC 

scanner, not equipped with a collimator, showed wide peaks that overlapped in many of the 

plates. In all cases, the CLI-based results were in better agreement with gamma counter 

values (lower relative error, i.e. closer to 1.0 value in Figure 4) compared to the radio-TLC 

scanner based results. This was especially the case when analyzing radio-TLC plates 

containing regions of unequal radioactivity (i.e. sample plates B, C, and D). Because 

overlapping peaks are often observed in radio-TLC samples in our laboratory and in the 

literature, it is likely that many studies contain non trivial quantitation errors. Such errors 

could be minimized by switching to a CLI-based readout method, or alternatively by 

improving the radio-TLC method (e.g. installing better collimator, or increasing length of 

TLC separation).

4.4 Assessing quality of the TLC spotting and development process

One notable advantage of the Cerenkov imaging readout technique versus radio-TLC 

scanner readout is the ability to see a high-resolution 2D image of the final separation. This 

can be used to monitor the quality of the spotting and developing process. For example, 

compared to a normal separation (Figure 5A), we have been able to observe problems such 

as the splitting of single spots into multiple regions due to incomplete drying of the sample 

before developing (Figure 5B), poor separation as a result of large spot size (Figure 5C), and 

non-linear separation path due to accidentally introducing an additional source (droplet) of 

liquid at the side of the radio-TLC plate during developing (Figure 5D). It should also be 

possible to detect problems such as double-spotting, or inadvertent contamination of the 

plate during spotting or subsequent handling. This feedback provides increased information 

to ensure accurate readout of a given radio-TLC plate or to determine when a TLC (sample 

spotting and separation) should be re-run.

While not implemented in this study, the CLI readout can be improved by using the same 

camera to take a bright-field image of the radio-TLC plate (including markings on the TLC 

plate of sample origin and solvent front) and superimposing the CL image. For example, in 

the work of Ha et al.[31], such superposition allowed confirmation of the multiple positions 
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where samples were spotted on each TLC plate. An example using our setup, showing both 

the sample origin and solvent front from the brightfield image (e.g. to compute Rf values), is 

shown in the Supplemental Information, Section 9.

4.5 Radiochemical purity measurement of [177Lu]-PSMA-617 via CLI

To explore the application of CLI-based radio-TLC analysis to additional isotopes, labeling 

yield of [177Lu]Lu-PSMA-617 was measured as a function of reaction time by sampling 2 

μL crude product (925 kBq/μL) at different time points and spotting on a TLC plate (silica 

gel 60 RP-18 F254, aluminum backing). The results of CLI analysis in Figure 6 suggest that 

high labeling efficiency (99%) can be achieved in just 10 min, rather than the typical 30 min 

timeframe used[1].

5 Conclusion

Cerenkov imaging in combination with parallel developing of multiple samples on a single 

TLC plate proved to be a practical method for rapid, high-throughput radio-TLC analysis. 

Compared with a conventional radio-TLC scanner, the CLI-based imaging method provided 

significantly higher resolution, the ability to image multiple samples in parallel (rather than 

requiring sequential scanning), and the ability to detect and quantify low-abundance 

impurities that were not discernable with radio-TLC scanning. The bulk of time and effort 

savings were realized by spotting multiple samples onto a single TLC plate and developing 

the multiple samples in parallel prior to imaging, rather than spotting the developing 

separate TLC plates individually. Furthermore, by leveraging the high resolution of CLI, a 

much smaller separation distance could be used while still resolving each region of 

radioactivity, further reducing the time needed for developing the samples. The shorter 

separation distance in turn can facilitate increased throughput by enabling more TLC plates 

to be imaged within the field of view; alternatively, the optical system could be redesigned to 

increase the field of view, thus allowing more spots to be imaged without increasing the 

system cost.

Quantitative accuracy of the CLI-based readout was found to be higher compared to analysis 

via the radio-TLC scanner software, and relative uncertainty was lower. This was especially 

true when chromatograms contained overlapping peaks and/or small peaks. Furthermore, 

CLI-based analysis enabled detection of quality issues in the spotting or development 

processes.

TLC in many cases has not historically been considered a reliable test for radiochemical 

purity and radiochemical identity, mainly due to the lack of appropriate spatial resolution to 

separate impurities with structural similarities to the product, and lack of quantification 

opportunity for the product mass and impurity mass. For these reasons, sole reliance on 

radio-TLC during quality control testing usually can only be established for well-validated 

manufacturing processes, where a lack of impurities has been previously shown for a high 

number of runs using cross-validation with an HPLC system, and where the product mass 

(i.e. molar activity) is not a crucial release control. For example, most GMP sites rely solely 

on radio-TLC for analysis of [18F]FDG in the routine production for purity by gamma 

chromatogram readout and identity by comparing retention factor with a cold reference 
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standard, whereas mass evaluations are performed in periodic quality indicator tests only. As 

another example, radio-TLC is often used in analysis of radiometal-labeled species, where 

there is often only one impurity (the unreacted radiometal) and the label and labeled product 

do not share high chemical similarity. With the introduction of CLI, an inexpensive and 

high-resolution TLC analysis method has become available. This greatly facilitates the 

validation of a TLC-based quality control for a new manufacturing process through the 

much higher sensitivity for impurities.

CLI imaging of TLC plates has broad application for the analysis of radiotracers labeled 

with radionuclides that are positron emitters (F-18, Cu-64, Zr-89, I-124) used for PET 

imaging [5,33] and radiopharmaceuticals labeled with beta emitters (e.g., I-131, Lu-177)

[34–36]. Though we demonstrated the analysis of 18F-labeled compounds and 177Lu-labeled 

peptide, this approach could also be used for the analysis of radiopharmaceuticals labeled 

with alpha emitters (e.g. Ac-225, Bi-213), with applications in targeted 

radiotherapeutics[37,38]. Previous reports have shown detectable Cerenkov emission from 

such radionuclides[38,39], likely due to emissions from daughter isotopes [37]. In addition 

to high-throughput analysis applications, the rapid separation and readout of radio-TLC 

plates by the method described here could be especially useful in conjunction with very 

short-lived isotopes such as C-11 (half-life 20.4 min).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Cerenkov luminescence imaging setup within the light-tight enclosure. (A) Schematic. (B) 

Photograph.
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Figure 2. 
High-throughput analysis of [18F]FET samples. (A) Cerenkov image of developed TLC 

plate spotted with two replicates of crude fluorination product (1 μL each) and two replicates 

of crude hydrolysis product (1 μL each). The dashed circles indicate the ROIs used for 

analysis. The dashed arrow indicates the direction of solvent movement during developing. 

(B) Example chromatogram obtained with the radio-TLC scanner spotted with crude 

fluorination product. (C) Example chromatogram from radio-TLC scan of crude hydrolysis 

product. Note that for B and C, the samples were spotted onto a different TLC plate and 

separation performed over 55 mm instead of 35 mm (in the Cerenkov image) to try to 

enhance separation between the species, but the low-abundance impurity could not be 

discerned.
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Figure 3. 
High-throughput analysis of crude [18F]fallypride samples. (A) Cerenkov image of 

developed TLC plate spotted with 4 replicates (two 1.0 μL and two 0.5 μL) of the same 

crude reaction mixture using only 15 mm separation distance. (B) One example 

chromatogram obtained from the 0.5 μL sample in (A) using the radio-TLC scanner. The 

TLC plate was first imaged with the CLI based scanner and then was cut into 4 “lanes” each 

of which was scanned separately with miniGITA scanner. (C) Cerenkov image of developed 

TLC plate spotted with 8 replicates (0.5 μL) of another batch of crude [18F]fallypride. The 

dashed circles represent the ROIs for analysis. The dashed arrow represents the direction of 

solvent flow during developing. (D) Cerenkov image of developed TLC plate spotted with 8 

droplets (0.5 μL) sampled from 8 different batches of crude [18F]fallypride reacted under 

different sets of conditions (n=4 replicates each of two different sets of conditions, spotted in 

alternating pattern).The dashed circles highlight the ROIs for the 8 samples. The dashed 

arrow represents the direction of solvent flow during developing.
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Figure 4. 
Radio-TLC readout performance comparison of radio-TLC scanner (blue squares) and 

Cerenkov luminescence (red triangles) of the plates in Figure S8. The data points show the 

average activity fraction in each spot (averaged over the analysis performed by n=8 

participants) normalized by the activity fraction determined by gamma counting. The 

normalized activity fraction provides a measure of accuracy. Values close to 1.0 indicate 

high accuracy, i.e., close agreement between the result from the radio-TLC scanner or 

Cerenkov luminescence analysis and the gamma counter measurement of the radioactivity in 

a particular spot. The error bars show the relative standard deviations and indicate the 

precision. The black dashed vertical lines separate the data from each of the five radio-TLC 

plates. Cartoons of the activity distribution are shown at the top of the graph (darker green 

spots represent higher activity level).
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Figure 5. 
Assessing quality of the TLC spotting and developing process. (A) Cerenkov image of 

developed plate after spotting of two replicates (1 μL) each of crude [18F]FET product. This 

image indicates a normal spotting and developing process. (B) Separation artifacts visible in 

most distant spots when the plate was not completely dried prior to developing. (C) 

Separation artifacts due to a combination of incomplete drying as well as abnormally large 

sample volume (right spot 2.0 μL). (D) Separation artifacts arising from liquid 

contamination at the right edge of the TLC plate during developing, causing the main 

solvent flow to be deflected to the left. The TLC plate in this case was spotted, at the 

positions marked with dash circles, with two replicates (1 μL each) of crude [18F]fallypride 

product.
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Figure 6. 
CLI-based analysis of crude [177Lu]Lu-PSMA-617 samples (β−-emitter). (A) Cerenkov 

image of developed TLC plates spotted with droplets (2 μL) of the crude reaction mixture 

sampled at different reaction times. In this demonstration, each TLC plate was developed 

individually, resulting in variable separation distances, but multiple plates were imaged 

together. The dashed circles represent the ROIs for analysis. The dashed arrow represents the 

direction of solvent flow during developing. (B) Graph of radiolabeling yields as a function 

of reaction time.
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