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Abstract

A high-throughput screening (HTS) approach for simultaneous analysis and quantification of the 

percent conversion of up to 48 reactions has been developed using a thin-layer chromatography 

(TLC) imaging method. As a test-bed reaction, we monitored 48 thiol conjugate additions to a 

Meldrum’s acid derivative (1) in parallel using TLC. The TLC elutions were imaged using a cell 

phone and a LEGO™ brick-constructed UV/vis light box. Further, a spotting device was 

constructed from LEGO™ bricks that allows simple transfer of the samples from a well-plate to 

the TLC plate. Using software that was developed to detect “blobs” and report their intensity, we 

were able to quantitatively determine the extent of completion of the 48 reactions with one 

analysis.

Introduction

Drug discovery and synthesis optimization rely on modern catalysis to continue advancing. 

Finding cost-effective routes to both new and existing drugs is a constant area of 

investigation.1 High-throughput experimentation (HTE) allows hundreds to thousands of 

different reaction permutations to be run in a matter of hours and is widely used in the 
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pharmaceutical industry for discovering ligands for receptors, kinases, and enzymes, along 

with optimizing reaction conditions.2 For HTE to succeed, a complimentary high-throughput 

screening (HTS) protocol must be created, otherwise simply by virtue of the multitude of 

samples, the analysis becomes the bottleneck in the overall discovery process.3 Although 

many researchers have developed rapid assays for yield determination, the need for more 

cost-effective assays that do not require specialized or expensive equipment remains.1 

Combining existing separation assays, in this case TLC, with now ubiquitous smartphone 

capabilities shows promise in addressing these needs.

Thin layer chromatography (TLC) is one of the most common chromatography techniques 

used by synthetic chemists to identify compounds in a mixture, determine their purity, and 

follow the progress of a reaction.4 Visualization usually occurs under UV light or by using 

staining reagents. In the last couple of decades, a number of innovative improvements in 

TLC have emerged.5–7 These have included quantitative analysis via optical scanning, such 

as is done with commercial TLC scanners.8 There have been examples of photometric 

procedures followed by image processing, as well as using mass spectrometry on the eluted 

spots.9,10 However, these techniques have been used to test the purity of the samples rather 

than monitoring reaction progress and/or determining reaction yield.11 Furthermore, none of 

the approaches allow for the analysis of multiple reactions simultaneously.

Our group had previously reported a single example of TLC imaging, in this case to pre-

screen various conditions of a Ircatalyzed allylation reaction to quantitatively determine their 

yields.12 As both the starting material and the product were UV active, we were able to 

correlate their concentrations to their corresponding spot intensities as observed under UV 

irradiation. In this report, we extensively expand on this methodology and describe a HTS 

platform created by combining a TLC multi-spotter, a light box built from LEGO™ bricks 

and spotting device (vida infra), an alternating offset arrangement of TLC spots designed to 

allow for 48 simultaneous analyses, as well as advances in spot-recognition imaging 

software.

The choice of reaction chemistry to demonstrate the methodology was immaterial to our 

goals, except that we sought a reaction where conditions could be easily varied. 

Additionally, although spot-staining for visualization can readily be used in our approach, 

we sought a reaction where the starting materials and products were UV active. With these 

considerations in mind, we chose the reaction of a Meldrum’s acid derived conjugate 

acceptor 1 with various nucleophiles that act as exchangeable units (E.U.s, Scheme 1).13 

Compound 1 allows for a coupling of amines and thiols, which can then be decoupled to 

their starting components using dithiothreitol (DTT). Although this method could provide 

even more useful for “cleaner” reactions (i.e. a reaction that gives only one product) to get 

the yield of the reaction rather than conversion, we chose this exchange reaction to 

demonstrate the full scope of this technique.

Although 1 has been successfully used for various biological and materials applications, 

little work has been put into optimizing the thiol or amine exchange reactions. The thiol 

scrambling is tricky to quantify because it often requires sparging to remove methyl 

mercaptan. While conventional HPLC analysis is a promising method to monitor this 
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reaction, the sequential elution of each individual sample can make this a tedious, time-

consuming method to use for larger scale parallel optimization experiments.1 TLC, on the 

other hand, enjoys the relative advantages of low cost, the ability to analyze impure samples, 

the availability of analyte-specific visualization reagents, and the ability to carry out multiple 

simultaneous analyses by spotting multiple samples on each plate and developing several 

plates in parallel.14 This parallel analysis capability, along with the fact that TLC imaging 

has been previously reported,8–10 led us to make several improvements such that TLC would 

be more amenable to HTS. In this paper, we report a method to analyze parallel synthesis 

procedures in 96-well plates, albeit any plate format is amenable to what is now described.

Results and Discussion

Our goal was to spot 12 reactions at a time from a 96-well plate (8 × 12 strips) wherein the 

reactions of Scheme 1 were performed using amines and thiols as the exchangeable units 

(E.U.s, Supplementary Table 1). Although 96-reactions could have been screened, the 

methodology now described was most successful with only half the plate, i.e. 48 reactions. 

The amount of sample delivered and the spreading during spotting can affect both resolution 

and smearing of the eluted spots. Thus, as any practitioner of TLC knows, the spotting of the 

plate is crucial to success. As many of the reactions of compound 1 with amines or thiols 

give multiple products (mono-substituted, di-substituted, and polymerized), failing to 

properly control amounts dispensed would result in eluted product spots that are too broad 

and hence show extensive overlap with spots from other lanes. For this reason, it was vital to 

have a TLC spotter that would dispense small initial volumes (< 1 μL), yet sturdy enough to 

place all 12 spotters flat on the plate.15,16 While we initially created a hand held 3D-printed 

spotter that accommodated 12 steel needles, the operator needed to carefully touch all 12 

needles at once to the silica on the plate and press lightly so that the needles are not plugged 

with silica. The fact that the spot intensity across the 12 needles was dependent upon careful 

control by the operator prompted us to devise a less variable spotting method.

We turned to the use of a LEGO™ spotter, shown in Figure 1, as a design for those labs that 

do not have access to a 3D-printer, and/or operators with slightly shaky hands. This easy to 

assemble, user-friendly setup, yields the capability to perform spotting in a reproducible, 

staggered manner (to obtain 4 rows of 12 spots, i.e. 48 spots in total) and the added potential 

for customization. The first part of the spotter is a holder where the 12 blunt-nosed needles 

are arranged linearly in regular intervals using a mounting-piece created from a pipette tip 

box (Figure 1a). The second piece is the base of the spotter (carriage), which consists of a 

cavity to hold the TLC plate on two sliding panels with two sets of three removable spacers 

(Figure 1b). Once the carriage is loaded with the holder, the four columns on the sides allow 

for vertical movement perpendicular to the plane of the TLC plate that provides the spotting 

(Figure 1c). The holder can be detached from the carriage for loading of the samples from an 

installed 96-well plate, and then reassembled to allow for spotting of an installed TLC plate. 

This later operation must be conducted using both hands and adjusting the timing of contact 

between tips and plate to ensure uniform and efficient spotting. Importantly, due to the 

controlled sliding of the holder up and down along the 4 posts, the needles all touch 

simultaneously and therefore reduces operator error. Once the first row of 12 samples are 

spotted, the 2 sets of spacers come into action: removing one spacer in each set allows two 
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sliders to move (one along the X axis and the other along the Y axis) before performing the 

next round of 12 sample spotting, which thereby occurs slightly to the right and above the 

initial row of 12 spots. The movement of the sliders is akin to playing hop-scotch, where one 

jumps to the right and then forward, thus moving diagonally a controlled distance. This 

operation is repeated three times for the total of 48 samples before the TLC is developed and 

analyzed in a LEGO™ black box (Figure 1d). After each spotting of the TLC plate, the 

needles are emptied by touching filter paper and a wash with acetone to remove excess 

solution so as to not contaminate the next set of 12 spots.

In a previous report we described the use of a LEGO™ black-box as a simple and 

inexpensive alternative to a fluorescence 96-well plate reader.14 Herein, a variant was used 

for visualization of the TLC plates with a common UV lamp, with data recording via cell 

phone photography, followed by the use of chromaticity/luminosity for data analysis (vida 
infra). The LEGO™ loading stage was modified to hold TLC plates (Figure 1d) rather than 

96-well plates. This simple modification demonstrates one strength of using LEGO™ bricks 

for the construction of instruments rather than 3D-printing. The device can be easily 

reconfigured for numerous purposes without the generation of a new CAD-file and the time 

taken for printing. This is further exemplified with the above described TLC spotter. Albeit 

some time was taken to imagine the operations and then optimize the apparatus, creating 

such a device with moving parts out of materials other than LEGO™ bricks would have been 

significantly more challenging and more expensive to repair or replace when needed.

For analysis of reactions in a standard 96-well plate, we explored the direct spotting of rows 

of samples (0.9 mm well to well spacing) onto a standard 20 × 20 cm TLC plate. Only a 

single complete row of 12 spots can fit onto a single TLC plate, and while strategies for 

interleaving additional rows of spots along the origin line are possible, we found the 

resulting developed TLC plates to be highly congested and difficult to interpret. Thus, we 

investigated an alternative spotting strategy in which spots from rows A, B, C, D, etc. are 

offset in both the horizontal and vertical direction (Figure 2). Interestingly, modeling using 

96-spots shows this technique to produce a profile of product spots that takes the form of a 

skewed 8 × 12 grid when the R f of the eluted compound of interest are all the same and 

between about 0.3 and 0.6 (Figure 2a), with higher or lower Rf values producing congested 

images that are difficult to interpret. Demonstration of the approach is shown in Figure 2b, 

where a 96-well microplate containing a mixture of two dyes: methylene blue (Rf ~ 0) and 

methyl red (Rf ~0.6) is eluted using 95% ethanol/water. The red dye elutes up the plate while 

the blue dye stays at the baseline. The analysis of a TLC plate containing 4 wells with higher 

levels of methyl red affords, not eluted, gives a straightforward identification of the ‘address’ 

of these spots (Figure 2c).

Having demonstrated that 12 reactions can be spotted in a row, and the next 12, and so forth, 

in a diagonally staggered manner to minimize the interference from the spots when the plate 

is developed, we turned our attention to photographic plate imaging. To start, a computer-

generated image of identical non-eluted spots was created to demonstrate the accuracy of the 

software (Figure 3a).
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Forty-eight spots were used to emulate reaction spots. These spots were then analyzed by the 

software with an average deviation of 1.6 (Figure 3b). However, as these spots were 

computer generated and TLCs are subject to human error, we expected that real plates 

analysis would not be so accurate. However, these promising results prompted us to analyze 

complex reaction mixtures.

In our preliminary report of TLC quantitative imaging for determining reaction yield, we 

generated a calibration curve for the spot intensity of the product.12 In the current study, we 

created a calibration curve to demonstrate how concentration can be detected and quantified 

using our image analysis program (vida infra). Nine samples of varying concentrations of 1, 

ranging from 20 to 200 μM, were spotted on a plate and eluted with 3:1 hexanes/ethyl 

acetate (v:v). Figure 4a shows a photo taken with an iPhone using the black-box constructed 

of LEGO™ bricks under UV radiation (Figure 1).14 The solvent system was devised such 

that the spots have an Rf value of 0.5 (vida supra), and all spots on the plate were 

automatically detected and the intensity of each spot was measured using an algorithm that 

we developed (Figure 4b, details below). By plotting the measured intensity versus 

concentrations of 1, a calibration curve was generated (Figure 4c). Here, 200 μM of 1 
corresponds to 100% of 1 remaining in a reaction of any well in the plate, while lower spot 

intensities are used to estimate the % completion of the reaction. This demonstrates the 

software’s ability to quantify different spot concentrations.

The conjugate addition reaction with 1 was performed in methanol with various amines and 

thiols (Supplementary Table S1) in 48 wells of a 96-well plate for 36 h (initial conc. of 1 = 

0.25 mM). We used 48 reactions rather than 96 because the overlap of the spots was too 

severe when 96 samples of varying Rf values for the products were spotted. All the reactions 

were performed in a 96 deep-well plate and were then spotted on to the silica plate using the 

in-house LEGO™ spotter and the experimental details given above associated with our 

discussion of Figure 1a. Using the spotting configuration discussed above, the 48 reactions 

were eluted in 3:1 hexanes/ethyl acetate (v:v). The eluted spots were then analyzed using our 

processing script to get starting intensities for each well, as now described.

TLC plate images were analyzed in a semi-automated fashion to measure spot intensities for 

each analyte. These intensities were then used to determine the reaction yields based on the 

average control starting 1 spot intensity as described below (Supplementary Table S1). But 

first, we describe the image processing steps used. While the ultimate plan is for an 

interactive smart-phone app to semi-automatically analyze the TLC plates with assistance 

from the user, for now we have developed a desktop GUI that accomplishes this task. Our 

code is available on Github at https://github.com/marcottelab/appaloosa, with a sample 

image and a walkthrough manual to get started. It primarily utilizes Scikit-Image for its 

image morphology routines15. We begin the analysis of each image by cropping it to the 

plate and converting it to grayscale, so that spots are dark objects on a light background. 

This grayscale image is then median corrected to standardize brightness across the plate and 

remove any bias due to positioning of the UV/vis lamp on the LEGO™ box. To identify 

reaction spots, we perform one round of waterfall segmentation to isolate areas containing 

spots from the background, and then to this isolated foreground we apply one round of 

watershed segmentation to subdivide it into spots corresponding to individual reactions.17,18 
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Both waterfall and watershed segmentations treat pixel values in an image as a terrain, as in 

a grassy knoll. In this analogy, each dark spot forms a depression—or drainage ditch—that 

are isolated from their neighbors along ridge lines analogous to dividing ranges in 

geography, or boundaries of counties/cities on a map. The waterfall algorithm is more wary 

of over-segmentation and is hence applied before the more sensitive watershed algorithm. If 

we were to apply a watershed segmentation immediately, without the initial waterfall round, 

we would be likely to “identify” many spurious “spots” in the background. Hence the need 

for a two-round approach

Although we have chosen the default parameters used by the second segmentation step to 

work well with the majority of TLC plates, sometimes the resulting segmentation is not 

sufficiently fine-grained enough to separate spots that are very faint or blur together. In such 

cases, we rely on the user to direct the software via the interactive GUI. The user can direct 

the software to attempt a finer-grained sub-division of a particular spot, or to manually 

subdivide spots by hand. We provide examples of each operation in our Github walkthrough. 

Note that such manual subdivisions can be applied iteratively until a satisfactory result is 

obtained, making the interactive aspect of our software very powerful. Finally, it is possible 

to cast all identified spots into circles. This is accomplished by identifying potential circular 

features of each spot with a Laplacian of Gaussian19, and then from these choosing the 

circular feature (i.e. circle) that maximizes the average intensity per unit area as captured by 

the circle. Figure 5 shows an example eluted TLC plate with a final spot segmentation, 

including both automatically-and manually-segmented spots, all finally converted into 

circles around the spot. Another useful functionality in the GUI is the ability of the user to 

manually define the baselines for reactions, as well as the solvent front. Once this is done, it 

is possible to assign spots to different baselines and from this their Rf values can be 

calculated. Again, our walkthrough provides an example.

Once the spots are segmented, we measure their intensity against the background as a proxy 

for analyte amount. We take the sum of pixel values within a segmented spot as its raw 

intensity. To obtain background intensity, we scale the spot’s bounding box to twice its area, 

and then take the median of pixel intensities within the box that are outside of any other 

adjacent segmented spots. We correct for the background by subtracting from the raw 

intensity the background intensity multiplied by the area of the spot (across which pixels 

were summed).

Once all the software had been developed, we turned to actual TLC analysis using 1 and 

various E.U.s (Supplementary Table S1). We assigned a subset of the wells as control 

reactions (#5, #18, #31 and #44, Supplementary Table S1) to have no E.U.s. These wells 

were chosen to give a distribution of spots across the plate to account for differences in lamp 

light. Thus, the resulting spots would be solely due to 1 which has a Rf = 0.38. Using the 

GUI interference, we can manually extrapolate the solvent front position to calculate Rf 

values. By marking the starting position of each baseline, we can assign eluted spots to the 

original baseline positions (i.e. one of four), as well as classify whether they are unreacted 

analyte (i.e. whether they lie on a corresponding Rf = 0.38 lines). To calculate the extent of 

reaction and compare to the average intensity of the control reactions, and calculate the 

amount of reacted vs. unreacted starting material (Supplementary Table S2). This is done for 
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all 48 spots. From the measured spot intensities, the concentration of 1 remaining in the 

reaction was calculated using the starting intensity of the 1 control samples, well #5, #18, 

#31 and #44, which had an average intensity of 71. The concentration data can then be 

converted to percent of 1 remaining after 36 h, which allows us to estimate conversion of the 

reaction. Of course, as done in our previous report, the calibration curve Figure 3 can 

alternatively be used to quantitate remaining starting material.12

In order to test the accuracy of the data collected, LC/MS was performed on ten randomly 

selected reactions to estimate percent starting material remaining. When the two values were 

compared, the average absolute difference between starting material as detected by LC/MS 

and TLC was 9%. Although the average error is quite low, the error associated with some 

reactions was significantly higher than this average. Looking closer, the reactions can be 

classified into two rather distinct groups: the first, with 7 out of 10 reactions, which did not 

suffer spot overlap and hence were accurately quantified with an average absolute error 3%; 

and the second, with the remaining 3 out of 10 reactions, which suffered spot overlap and 

hence were quantified with an average error of 25% (which is still rather informative in 

many cases). The larger errors in the second group can be attributed to overlap between the 

adjacent spots, in some cases when they were initially spotted and others after the plate was 

run. For example, 1,4-butanedithiol (spot 4, Supplementary Figure S1), has significant 

overlap with its adjacent spot. Such errors can be remedied with careful spotting or if cleaner 

reactions were screened. In addition, due to the unique shape of our TLC plate, an 

improvised TLC chamber was used which results in some slight curving of the TLC spots as 

the plate was eluted. Thus, the TLC method gave an error of under 10% in determining 

extent of reaction of 1 with the various E.U.s.

Having found success with a parallel analysis of 48 reactions via TLC for HTS purposes, it 

is important to discuss limitations and complications. First, we are relying on a UV-lamp, 

and the kind of lamp, how long one waits to take the picture after turning on the lamp, all 

effect the images. Second, the camera you use, or the box (i.e. the darkness of the 

surroundings) will influence the result as well. Any overlap between spots will affect 

adjacent spots making it imperative to have the spots properly staggered and ensuring the 

TLC runs straight. Lastly, consistency in spot size and between the analysis and calibration 

plates is critical, and the LEGO™ spotter nicely assists in this regard. However, as long as 

one is consistent with all the experimental procedures and settings, our overall TLC 

methodology gives reliable data that can be used to quantitate the yield and/or % completion 

of numerous reactions simultaneously. While this manuscript focused on optical detection of 

TLC spots, an analogous approach may prove useful for DESI or MALDI mass 

spectroscopy imaging of TLC plates.

Summary

TLC is the most common bench-side quick analytical test for examining the progress of 

chemical reactions. While multiple TLC spots along a single line is common for 

qualitatively analyzing various samples collected from flash-chromatography, such spotting 

has not been previously converted to a parallel method for reaction screening and yield 

quantitation. The overall approach described herein for analyzing ½ of a 96-well plate is 
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simple, fast, and user friendly. It involves a 12-needle dispensing device constructed from 

LEGO™ bricks, a LEGO™ black-box for photography, and an extensive software suite 

available on Github. We anticipate that his work will facilitate reaction discovery and 

optimization, as well as inspire further improvements on this classic and simple analytical 

method.

Experimental

Conversion Validation:

Stock solutions (40 mM, 0.02 mmoles) of each compound (Supplementary Table S1) and 

EVA (40 mM, 0.02 mmoles) were made in MeOD. From the stock solutions of each 

compound and EVA, 500 μL of each were mixed in a 1:1 ratio in vials and left to sit for 48 

hours. After 48 hours, 1 mL of a 20 mM stock solution of 1,3,5-trimethoxybenzene was 

added in a 1:1 mixture with the reaction mixtures. The samples were then analyzed via 

NMR. For N-benzylmethylamine, the reactions mixture along with the control reaction were 

diluted with MeOD and analyzed via LC/MS.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
a) The LEGO™ holder to be loaded with blunted syringe needles, b) TLC carriage, c) 

LEGO™ spotter/holder placed on carriage. d) LEGO™ black-box with UV-lamp in back.
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Figure 2. 
Modeling and initial studies using dyes from multi-parallel from microplates spotted on 

TLC plates using a staggered spotting approach. a) Excel modeling showing ‘sweet spot’ of 

Rf ~0.5 for most effective visualization. b) Elution of spots from a 96-well plate containing 

samples of methylene blue (Rf ~0) and methyl red (Rf ~0.6) using 95% ethanol/water. c) 

Analysis of plate, not eluted, containing 4 wells spiked with additional methyl red allows 

easy determination of the ‘address’ of the hits.
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Figure 3. 
a) A computer-generated model TLC plate. b) The model TLC plate post software analysis.
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Figure 4. 
a) A calibration plate is spotted with known concentrations of analyte 1 and eluted. b) Eluted 

spots are segmented and their intensities are quantified. Loading concentration of each 

reaction is indicated in μM. c) A linear calibration curve (R2 = 0.95) generated from varying 

concentration of 1.
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Figure 5. 
(a) An eluted TLC plate spotted with 48 reactions. (b) A sci-kit analyzed image of the eluted 

TLC plate.
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Scheme 1. 
Meldrum’s acid derived conjugate acceptor 1 with various thiols or amines as nucleophiles. 

E.U. = Exchangeable Unit.
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Table 1.

Percent composition of 1 obtained using NMR and LCMS spectrum. All yields were determined via NMR 

except when marked by an “*” to denote the yield was determined via LC/MS.

TLC Spot Intensity TLC Yield Assay Yield Error

Control 70 - - -

1,4-phenylenediamine 0 100 100 0

1-dodecanethiol 55 21 12 9

2-mercaptoethanol 72 −3 0 2

1,4-butanedithiol 86 −23 10 33

3,6-dioxa-1,8-octane-dithiol 57 19 0 22

p-Xylylenediamine 0 100 100 0

1-decanethiol 67 4 20 16

4-methoxybenzylamine 0 100 96 4

dodecylamine 0 100 100 0

N-benzylmethylamine 0 100 94* 6
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