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Abstract: With the growing consumption of caffeine-containing beverages, detection of caffeine has 

become an important biomedical, bioanalytical and environmental topic. We herein isolated four high-

quality aptamers for caffeine with dissociation constants ranging from 2.2 to 14.6 µM as characterized 

using isothermal titration calorimetry. Different binding patterns were obtained for the three single 

demethylated analogs: theobromine, theophylline and paraxanthine, highlighting the effect of molecular 

symmetry of the arrangement of the three methyl groups in caffeine. A structure-switching fluorescent 

sensor was designed showing a detection limit of 1.2 µM caffeine, which reflected the labeled caffeine 

concentration within 6.1% difference for eight commercial beverages. In 20% human serum, a detection 

limit of 4.0 µM caffeine was achieved. With the four aptamer sensors forming an array, caffeine and the 

three analogs were well separated from nine other closely related molecules. 
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Introduction 

Caffeine is the main biologically active component of tea, coffee and many other beverages. Aside from 

its stimulating effects to the neural system, caffeine also has roles in diabetes, cancer and heart rhythms 

problems.1 The growing use of caffeine-containing drinks has made it an emergent environmental 

contaminant in water,2 and caffeine was proposed as an indicator of domestic wastewater.3 Therefore, 

efforts have been made to develop analytical methods to detect caffeine. Aside from analytical 

instrumentation such as mass spectrometry coupled with HPLC,4 a few sensors including molecular 

fluorescent probes,5-9 immunoassays,10 and nanomaterials such as graphene oxide11 and lanthanide 

containing materials and molecularly imprinted polymers12 have been reported. Sensors are attractive 

since they allow cost-effective and on-site detection.  

 The chemical name of caffeine is 1,3,7-trimethylxanthine, and removing one of its three methyl 

groups would generate three analogs: theophylline, theobromine or paraxanthine. These single 

demethylated analogs also play interesting biological functions. For example, theophylline can treat 

asthma and chronic obstructive pulmonary disease (COPD), although it has a narrow therapeutic index 

(5-20 mg/L),13 where higher concentrations would cause both acute and chronical adverse effects. 

Theobromine is predominately found in cacao and is used as a vasodilator, a diuretic, and a heart 

stimulant.14 In humans, paraxanthine is the main metabolite (~80%) of caffeine.15 Thus, discriminating 

caffeine along with these closely related analogs poses an interesting analytical challenge.  

 Aptamers are single-stranded nucleic acids with selective molecular binding properties.16-20 

Aptamers are particular attractive for binding and detection of small molecules.21, 22 The majority of 

aptamers in riboswitches bind to small molecule metabolites or ions.23 In the lab, aptamers were isolated 

using a combinatorial method called systematic evolution of ligands by exponential enrichment 

(SELEX).24-31 An RNA aptamer for theophylline has been the most often cited example to highlight the 

selectivity of aptamers, and it affinity to caffeine is over 10000-fold weaker despite they differ by just a 

methyl group.32 This theophylline aptamer has been extensively used as a model system for designing 

various aptamer-based sensors and RNA switches both inside and outside cells.33 To date, no aptamers 

were reported for binding caffeine. Given its analytical and biological importance, we herein performed 

an aptamer selection for caffeine. We discovered a group of four aptamers that can bind caffeine and the 

three analogs in different orientations governed by the distribution of the methyl groups, allowing not 

only the selective detection of caffeine but also a pattern recognition-based method for telling them apart.  

Materials and Methods 
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Chemicals. The DNA samples used for the selection and sensing experiments were purchased from 

Integrated DNA Technologies (Coralville, IA, USA). The sequences are listed in Table S1 and S2. 

Thermo Scientific Pierce streptavidin agarose resin was purchased from Fisher Scientific (Ottawa, ON, 

Canada). Caffeine, theophylline, theobromine, adenosine, adenine, guanine, xanthine, uric acid, dextrose, 

dopamine, tryptophan, tyrosine, sodium chloride, magnesium chloride, sodium hydroxide, hydrochloric 

acid, human serum, and Amicon Ultra-0.5 centrifugal filter unit (3K and 10K) were purchased from 

Millipore-Sigma (Oakville, ON, Canada). 4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES) 

and its sodium salt form were from Biobasic Inc. (Markham, ON, Canada). Micro bio-spin 

chromatography columns and SsoFast EvaGreen supermix were from Bio-Rad. dNTP mix, Taq DNA 

polymerase with ThermoPol buffer, and the low molecular weight DNA ladder were from New England 

Biolabs (Ipswich, MA, USA). Sep-Pak C18 cartridges were purchased from Waters. All buffers and 

solutions were prepared with Milli-Q water. 

SELEX. The library design (Table S1) and selection method (Figure S1) were based on Stojanovic’s 

previous publications with a few modifications.34, 35 At the beginning of each round, the single-stranded 

library strand was first annealed with five times excess of biotinylated capture strand in the SELEX buffer 

(500 mM NaCl, 10 mM MgCl2, and 50 mM HEPES at pH 7.5). The high salt buffer was intended for 

screening nonspecific electrostatic interactions. The annealed DNA was stored on an ice bath. Meanwhile, 

250 μL of streptavidin agarose resin was packed into a micro chromatography column and were washed 

five times with 500 μL of the SELEX buffer to remove preservatives. The annealed DNA was then cycled 

through the column several time to achieve maximum binding by gravity flow (~3 min each time). The 

column was washed again twelve times with 500 μL of SELEX buffer to remove non-bound or loosely 

bound library. Once the washing step was completed, 750 μL of caffeine solution was introduced and the 

eluted DNA was collected by gravity flow. The collected DNA was further concentrated and purified 

with Milli-Q water using a 3k spin column. The final volume of the purified DNA was adjusted to 60 μL. 

Here, we included a real-time PCR (RT-PCR) step using unmodified primers to monitor the selection 

progress and to determine the PCR cycles for library amplification. Then, the biotinylated reverse primer 

was used to obtain 1.8 mL of PCR products, which were further concentrated and purified down to 250 

μL with the strand separation buffer (250 mM NaCl, 50 mM HEPES at pH7.5) using a 10k spin column. 

Similar to the earlier steps, the purified PCR product was loaded onto a column and washed ten times 

with 500 μL of strand separation buffer, and then 600 μL of 0.2 M NaOH was added to the column and 

incubated for 15 min to elute the ssDNA library. The library was neutralized and then desalted with Milli-

Q water using a 3k spin column. Finally, the purified library was dissolved in 55 μL SELEX buffer. To 

maintain a consistent library concentration, the library was quantified using a NanoDrop 2000 
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spectrophotometer. Typically, 250 µL of 0.4 µM of the library was used for each round of selection except 

for the initial few rounds (See Figure S2A). 

Sample preparation for DNA sequencing. The 12th, 15th, and 20th round libraries were subjected to PCR. 

These libraries were first subjected to a PCR with a combination of P5-501 and one of the P7-702, P7-

703, or P7-704 sequencing primers (Table S2). These primers contained a unique index sequence to be 

used for the Illumina sequencing. The PCR products were purified with 2% agarose gel and extracted 

using a small DNA fragment extraction kit (IBI Scientific). The concentration of the eluted DNA was 

quantified using NanoDrop and the sequencing was submitted to McMaster University for analysis. 

Sequencing results were analyzed with Geneious Prime and MAFFT alignment software.  

Isothermal titration calorimetry (ITC). MicroCal VP-ITC was used for the ITC experiments. DNA (9 

μM, 2 mL) and target molecules (1 mM, 2 mL) were dissolved in the SELEX buffer and degassed for 10 

min prior to measurement. A volume of 1.4 mL aptamer was loaded into the cell chamber and 300 μL 

target was loaded in the syringe. Except for an initial injection of 0.5 μL, 10 μL of target was titrated into 

the cell each time over 20 sec duration for a total of 20 injections at 25 °C. The spacing was set for 360 

sec between each injection. The thermodynamic values were obtained by fitting the titration curves to a 

one-site binding model using the Origin software.  

Sensing in buffer. The sensing experiments were performed in a 96-well plate using a SpectraMax M3 

microplate reader. The stock of 2 μM sensor complex was formed by annealing the 200 pmol of FAM-

labeled caffeine aptamer (Caff203-FAM) with 400 pmol of short quencher-labeled complementary strand 

(Caff203-Q) in 100 μL SELEX buffer. In a typical experiment, 100 μL sensor sample with 20 nM aptamer 

strand was used. The background fluorescence of the sensor was monitored for 5 min before 2 μL of 

caffeine or other molecules was added. The signaling kinetics were continuously monitored for 25 min 

(Ex = 485 nm; Em = 520 nm). The experiments were run in triplicate and error bars indicate the standard 

deviations. 

Real sample detection. Various type of beverages and caffeine pills were purchased from a local 

pharmacy. The caffeine pills (200 mg per tablet) were first dissolved in 200 mL Milli-Q water and filtered 

with a 0.2 μm cellulose acetate membrane to make a 1 mg/mL stock solution. The other beverages were 

used directly. For detection, 2 μL of the sample was directly added to 100 μL of 20 nM sensor. The same 

protocol described above was followed and the final fluorescence signal after 30 min was used for 

calculating the caffeine concentration based on a standard curve. For sensing in serum, human serum was 

diluted to 20% with the SELEX buffer, and the other steps were the same as detection in buffer except 

that the detection was performed using a Tecan Spark microplate reader. Since serum increased the 
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background fluorescence, the data were plotted using (F-F0)/F0 where F0 is the fluorescence before adding 

caffeine and F is the fluorescence after adding caffeine. 

Discriminant analysis. The responses of the four caffeine sensors after 20 min incubation were obtained 

for a total of 13 purine analogs and other small molecules (20 µM). For each sensor and each compound, 

eight sets of replicates were collected using the same buffer and sensing conditions described above. 

These data were used to construct a training matrix to generate a 2D canonical plot using principal 

component analysis (PCA) from the Origin software.  

 

Results and Discussion 

SELEX for caffeine aptamers 

The structures of caffeine and its three single demethylated analogs are shown in Figure 1A. Our main 

goal is to obtain a selective aptamer for caffeine. Our aptamer selection was based on the immobilization 

of the DNA library containing a 30-nt random region on streptavidin-coated beads via hybridization to a 

biotinylated complementary strand (Figure 1B).34 A detailed selection scheme is presented in Figure S1 

and the DNA sequences used are in Table S1 and S2. The DNA sequences that can bind caffeine and 

dissociate from the beads were collected and then amplified by PCR to seed the next round of selection.34, 

36-38 The library was designed in such a way that the selected aptamers would have a hairpin structure. To 

track the selection progress, the eluted DNA was quantified using real-time PCR for each round, and the 

detailed incubation time and target concentration of each round are supplied in Figure S2.34, 39-46 

 A total of 20 rounds of selection were performed, and counter selections against theophylline was 

introduced from round 13 to improve specificity for caffeine. At the end, the round 12, 15, and 20 libraries 

were subjected to deep sequencing yielding around 30,000 reads for each library. Only the round 20 

library showed a good sequence alignment, yielding four main families (see Figure S3 for sequence 

alignment). The Mfold predicted secondary structures47 of the aptamer regions from the four families are 

shown in Figure 1C-F. Among them, the sequence named Caff203 (Figure 1D) represents the largest 

family counting for 29% of the final library. The 18-nucleotide conserved sequence (the red region in 

Figure 1D and underlined in Figure S3) only appeared 22 times and 265 times in the round 12 and 15 

libraries, respectively. From round 12 to 20, this sequence on average enriched by ~2.3-fold for each 

round of the selection.  
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Figure 1. (A) Chemical structure of caffeine and its three single demethylated analogs. (B) The design of 

DNA library used in this study to obtain aptamers for caffeine. The library contained an N30 random 

region flanked by two constant regions for immobilization (black region) and primer binding (orange 

region). The sequences eluted by caffeine were detached and collected for PCR amplification. (C-F) 

Secondary structure of the four caffeine binding aptamers predicted by Mfold. 

 

Target symmetry directed binding 

These sequences were individually tested using isothermal titration calorimetry (ITC), which is a label-

free biophysical technique measuring the heat of binding.48-50 For each of the four aptamers, we titrated 

all of the four analogs separately. Their original ITC traces are shown in Figure 2, and the integrated heat 

and data fitting are shown in the insets. For all the titrations, the binding was exothermic as indicated by 

the downwards spikes. All the aptamers showed the strongest binding to caffeine, suggesting the SELEX 

was successful. For the three analogs, we noticed different binding patterns. Caff202 had a Kd of 14.6 µM 

for caffeine, no noticeable binding to theophylline or theobromine, and a small heat release with 

paraxanthine (Kd 36.4 µM). We reason that its binding geometry to caffeine might overlap with its binding 

to paraxanthine. Caff203 showed the strongest affinity to caffeine among these aptamers with a Kd of 2.2 
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µM. In addition, it also had a strong binding to theobromine (Kd = 9.9 µM). Based on its binding to 

theobromine, the N10 methyl group is not critical for caffeine binding. A few other analogs such as 

adenine, xanthine and uric acid showed no binding either (Figure S4). In the theophylline RNA aptamer, 

the N7 position in theophylline forms a critical hydrogen bond with its aptamer, and that’s why it has 

excellent discrimination against caffeine and theobromine, both of which have a methyl group capping 

the N7 position.13, 51  

 In these ITC experiments, we used an aptamer concentration of 9 µM, and thus the c-value 

(defined as [aptamer]/Kd for 1:1 binding) of those with a Kd larger than 9 µM would be smaller than one. 

It was proposed that the c-value needs to be greater than one for accurate fitting.52 One way to increase 

the c-value is to increase the aptamer concentration. However, when the aptamer concentration is too high 

(e.g., increased from 10 to 20 µM in one case), inter-aptamer interactions can also affect aptamer/target 

binding, leading to increased Kd.50 In addition, Turnbull and Daranas pointed out that accurate results can 

still be obtained even when c-value is lower than one as long as binding saturation was achieved.53 

Therefore, we collected the data all under the same condition to have a fair comparison, and note that the 

high Kd values (e.g, >30 µM) from titrations with a small heat might be less accurate. 

 To confirm specific binding, mutations were made at two locations within the conserved region 

of Caff203. We mutated a fraction of the two loops by shuffling its bases (Figure S5A, Mutant-1 and 

Mutant-2), and both mutants completely lost binding (Figure S5B and S5C). Therefore, both loop regions 

are critical for binding of caffeine. This experiment indicated the above observed binding was due to the 

specific aptamers instead of nonspecific artifacts. 

 The response of Caff204 was similar to that of Caff203, except that the three analogs all showed 

slightly stronger binding. Therefore, it might have a larger contact area with caffeine. Caff209 had the 

highest selectivity for caffeine among these four aptamers, and we reason that the aptamer might interact 

with all the three methyl groups. Based on the patterns of binding, we deduced the orientation of binding. 

Caffeine has three exocyclic methyl groups, and the three analogs are generated by replacing each methyl 

group with a hydrogen. Regarding the methyl groups, we can consider that caffeine has a high ‘symmetry’. 

If an aptamer’s binding does not require a particular methyl group, demethylation of that methyl group 

might not affect binding. Based on this, we illustrated the orientation of binding on the right side of Figure 

2. Here, we only emphasized the effect of the methyl groups, and other types of binding interactions such 

as - stacking are not shown. We did not find a sequence that can bind both caffeine and theophylline 

likely because we used theophylline as a counter target for the selection. Table S3 shows the binding 
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thermodynamic values, where the negative entropy change indicated that all the reactions were enthalpy 

driven.  

 Based on the different binding patterns obtained in Figure 2, it might be possible to use these four 

sequences collectively as a sensor array for discriminating all the analogs. This experiment also tells us 

that by using a target molecule with a high chemical symmetry, aptamers for binding to its symmetry-

broken analogs might be obtained in the same selection. 

Figure 2. ITC analysis of the four caffeine-binding aptamers. For each titration, 1 mM of target was 

titrated into 9 µM aptamer in the SELEX buffer at 25℃. Insets: the integrated heat and fitted Kd values. 

Right panels: schematic illustration showing the possible orientations of the aptamers binding to caffeine. 

Other interactions such as - stacking are not shown. 
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Fluorescent sensing of caffeine 

Since the selection method was based on the structure-switching property of aptamers,34, 36, 39, 41 we took 

advantage of it to design biosensors. Out of the four aptamers, we decided to test Caff203 and Caff209 

for sensing applications. Caff203 had the highest binding affinity for caffeine, while Caff209 had the best 

overall selectivity. The Caff203 data are discussed first (Figure 3A). The Caff203 aptamer sequence is 

shown in blue and it was extended by five nucleotides shown in red. A FAM fluorophore was labeled on 

the end. Then, a 12-mer DNA with a quencher was hybridized to mask the fluorescence. In the presence 

of caffeine, aptamer binding would result in the release of the quencher-labeled strand and fluorescence 

enhancement.  

 We used 20 nM of the FAM-labeled strand and 40 nM of the quencher-labeled strand to achieve 

a low background. When caffeine was added, the fluorescence immediately increased, while the sensor 

without caffeine added remained stable (Figure 3B). The higher the caffeine concentration, the stronger 

the final fluorescence. After 20 min of reaction, the fluorescence reached stable values for all the samples. 

With 1 mM caffeine, the fluorescence enhancement reached 9-fold. Based on the fluorescence increase 

at 20 min, a calibration curve with an apparent Kd of 80.5 µM was obtained (Figure 3C). This value was 

37-fold highly than measured from ITC due to the competition from the short complementary DNA.36 

Below 100 µM caffeine, the response was linear (inset of Figure 3C). The detection limit was calculated 

to be 1.2 µM caffeine based on signal being greater than three times of background variation (3σ/slope). 

Figure 3. (A) Scheme of a fluorescent structure-switching signaling aptamer biosensor for the detection 

of caffeine. (B) Kinetics traces of 20 nM sensor in the presence of various concentrations of caffeine in 

the SELEX buffer. Noted that caffeine was added at the 5 min mark. (C) Fluorescence intensity as a 
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function of caffeine concentration. Inset: the linear response at low caffeine concentrations. (D) Sensor 

selectivity with 100 µM of various metabolites and purine analogues. 

  

 The sensitivity for Caff209 was also measured, and caffeine-dependent fluorescence enhancement 

was also achieved (Figure S6). Interestingly, the apparent Kd from the sensor (4.6 µM) was quite similar 

to that from ITC (3.4 µM). This result suggests that for the Caff209 sensor, the aptamer had a stronger 

tendency to fold back upon itself to close the hairpin and the quencher-labeled DNA was binding less 

tightly, explaining the high background. The saturated signal increase for the Caff209 sensor was only 

about 1.3-fold, while Caff203 had more than 7-fold increase. We chose Caff203 for the subsequent sensor 

tests, since it had the highest caffeine binding affinity and much lower background.  

 For selectivity test, 100 µM caffeine or its analogs were added to the Caff203 sensor and the data 

are presented in Figure 3D. Theobromine showed the next highest signal, and the other biomolecules were 

mostly in the background level, consistent with the ITC-based results. In particular, no response was seen 

for adenosine. Since caffeine is an antagonist of adenosine,54 this selectivity might be useful for 

neuroscience. 

Analysis of caffeine in beverages 

To understand the performance of the sensor for real sample analysis, a few caffeine-containing drinks 

like coffee, tea and soda were tested (Figure 4). Caffeine pills were also tested by dissolving them in 

Milli-Q water to achieve a stock concentration of 1 mg/mL. For each test, 2 µL of sample was added to 

100 µL of 20 nM sensor (51-fold dilution) for 30 min before measurement. Among all the samples, the 

Starbucks doubleshot coffee had a higher background due to the milk in the coffee. Nevertheless, the 

enhancement of fluorescence due to the sensor response could still be recorded. The estimated 

concentration was then extrapolated from the standard curve. The concentration detected by the sensor 

corresponded closely within 6.1% difference compared to the caffeine contents indicated on the labels 

(Figure 4). Previous studies have showed that the labeled caffeine contents from such drinks were within 

10% to 15% difference compared to the values measured by instrumentation methods.55, 56 Therefore, we 

compared our sensor results with the labeled caffeine content.  
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Figure 4. Sensor performance with various off the shelf beverages.  

 

 Based on an HPLC study of over twenty types of commercial coffees and teas, none of the coffees 

contained any theobromine, while the theobromine content was typically below 6% compared of the 

caffeine content in the non-decaffeinated teas.57 In coffees, the content of theophylline is typically below 

0.03% of that of caffeine, while the level of paraxanthine is even less.58 Given the selectivity of this sensor, 

the interference from theobromine in these samples would be less than 3%, and the interference from the 

other two analogs was negligible. Therefore, this simple sensor was able to achieve a high accuracy in 

real samples. For some drinks, such as hot coco mix, the theobromine concentration was higher than 

caffeine.57 For those samples, a single sensor does not have sufficient selectivity. Fortunately, we have 

four different sensors, which may collectively improve selectivity as shown in the next section.  

 Aside from testing the sensor in beverages, we also tested human blood serum. In a recent study, 

the average serum caffeine concentration was 2.7 µM before drinking coffee, which increased to 20.7 µM 

after drinking.59 Due to the strong light scattering of serum and increased background, we diluted it with 

the SELEX buffer to 20% serum for the experiment. A caffeine concentration dependent fluorescence 

enhancement was also observed, and the limit of detection was calculated to be 4.0 µM (Figure S7A, B). 

The selectivity pattern was also comparable to that in buffer (Figure S7C). We have also compared the 

performance of our sensor with other fluorescent caffeine biosensors reported in the literature, and our 

study was the most comprehensive and had the best performance combining sensitivity and selectivity 

(Table S4). 
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Discrimination of the single demethylated analogs using a sensor array 

With the four aptamer sensors, we then tested their specificity to a total of 13 closely related biomolecules 

(Figure 5A). The distinct response patterns allowed us to form a sensor array containing the four sensors. 

By using principal component analysis (PCA), we could identify the analytes especially the four 

methylxanthine easily.60, 61 PCA is a useful tool for multivariate statistical analysis. This technique helps 

reducing the dimensionality of a large datasets, increasing interpretability while minimizing information 

loss during the process. The PCA plot shows clusters of samples based on their similarity. In this case, 

thirteen biomolecules were grouped into seven clusters (Figure 5B).  Importantly, caffeine and its analogs 

are well separated.  

 

 

Figure 5. (A) Percentage of fluorescence enhancement of four aptamer sensors in the presence of 20 µM 

different biomolecules after 20 min incubation. (B) PCA scores of 13 analytes from four different caffeine 

aptamer sensors. The data showed clusters of seven with caffeine far off from other analytes. The data 

was generated with eight sets of repetitions. The ellipses indicate regions with a 95% confidence level.
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Conclusions 

In conclusion, we selected four high-quality DNA aptamers for caffeine with excellent binding 

affinity and specificity. The selection results indicated the importance of molecular symmetry in 

the evolution of aptamers. With the three methyl group in caffeine, different aptamers were 

obtained to bind different parts of the target, and removing a non-binding methyl group would not 

affect the binding much. A fluorescent biosensor for caffeine was designed and a detection of limit 

of 1.2 µM caffeine was obtained. A total of eight caffeine containing drinks were tested and the 

sensor could accurately measure the caffeine concentrations. Some aptamers could also bind single 

demethylated analogs, allowing the detection of all of them using a sensor array containing the 

four aptamer sensors. Given the importance of caffeine in daily life, biology and environmental 

chemistry, we expect these aptamers to be used as another important model system for developing 

biosensors.  
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