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Abstract Adenosine is known not just as the core molecule of ATP, but also as a neuromodulator. Due to its many functions, 

through the years it became subject of several studies and extensive research to properly understand its actions, in particular its 

neuromodulatory role. Despite being recognized as a neuroprotective molecule, the role of adenosine in brain disorders still remains 

partially unanswered. Gaining knowledge about changes in adenosine levels in different definable extracellular domains in the 

brain is a step towards a better understanding of adenosine behaviour.   

This thesis describes the development of a biosensor based on an aptamer for real time detection and quantification of different 

concentrations of adenosine. Aptamers are short single-stranded DNA or RNA molecules that are capable of binding a target with 

high affinity and specificity selected in vitro by SELEX.  

In order to develop and optimise a biosensor to detect adenosine, a DNA aptamer labelled with a fluorophore that hybridizes 

with a single-stranded DNA marked with dabcyl, quenching the fluorescence signal of the aptamer was used. In the presence of 

adenosine, the aptamer binds with adenosine instead of the DNA with dabcyl, increasing the fluorescence signal. 

A macro and microscale analysis was performed. For the microscale analysis, a proper microfluidic was chosen (gradient 

generator), in order to identify the behaviour of different concentrations of adenosine at the same time. The best value obtained for 

the limit of detection was 81 µM. In the future, more testing should be undertaken in order further optimise this value. 

 

Index Terms—Adenosine detection, aptamer, neurosciences, microfluidics

 

I. INTRODUCTION 

Adenosine is a nucleoside formed by adenine (a purine) 

connected to the ribose (carbohydrate) through a glycosidic 

bond. It is believed to be released by most cells, including 

neurons and glial cells. However, it is not considered a 

neurotransmitter since it is neither stored in vesicles nor 

released like classical neurotransmitters.[1] 

This nucleoside modulates brain function, acting as 

modulator of modulators (e.g. ATP) and controls synaptic 

activity acting independently on the three levels of tripartite 

synapses: regulating neurotransmitter release 

(presynaptically), modulating neurotransmitter actions 

(postsynaplically) and affecting neurotransmitter uptake and 

release from astrocytes (perisynaptically) [2]. 

This purine acts via four sub-types of receptors: A1, A2A, 

A2B and A3. The receptors A1 and A3 are negatively coupled 

to the enzyme adenylate cyclase, decreasing the 

concentration of intracellular cAMP. On the other hand, the 

receptors A2A and A2B are positively coupled to the same 

enzyme, having the opposite effect on the intracellular 

cAMP. The receptors with the highest affinity for adenosine 

are A1 and A2A and the one with lowest affinity is A2B. 

Receptor A3 also has a high affinity for adenosine in humans, 

but, it has low density in most tissues [3]. 

Throughout the years, the number of studies and 

publications about adenosine and Adenosine Receptors has 

increased. Particular emphasis has been given to nervous 

system pathologies and novel therapeutic approaches. There 

is no doubt of the importance of adenosine and its different 

receptors in different areas of science, in particular 

neurosciences. The creation of a system that can detect and 

quantify in real time is an urgent issue. A brief research for 

emerging biosensors brings us to the aptamers. 

Aptamers are oligonucleotides, such as ribonucleic acid 

(RNA) and single-strand deoxyribonucleic acid (ssDNA) or 

a combination of these with non-natural nucleotides capable 

of adopting three dimensional structures which interact 

precisely and specifically with a target molecule. [5] 

This concept began to emerge in the 1980s, from basic 

science studies of viruses and early work in gene therapy. 

The first studies focused on the research of human 

immunodeficiency virus (HIV) and adenovirus. It indicated 

that these viruses encode a number of small structured RNAs 

that bind to viral or cellular proteins with high affinity and 

specificity [6]. This observation suggested that RNA ligands 

might also be useful for therapeutic ends; this motivated gene 

therapy researchers to start their own studies.  

The first one was to determine if an RNA aptamer could 

be used to inhibit the activity of a pathogenic protein and it 

was published in 1990 by Sullenger et al. In the same year, 

Gold’s group and Szostak’s group reported a new in vitro 

selection process called Systematic Evolution of Ligands by 

Exponential enrichment (SELEX) [7]  [8]. 

SELEX is an iterative process in which highly diverse 
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synthetic nucleic acid libraries are selected over many rounds 

to finally identify aptamers with the desired properties. [9] 

This process involves a combinatorial library of synthetic 

oligonucleotides consisting of a multitude of ssDNA 

fragments (approximately 1015) with different sequences.  

With so many applications, aptamers can be a substitute 

for antibodies, due to its many advantages such as: high 

affinity and exquisite specificity; can be easily modified 

chemically; more robust at high temperatures and thermal 

denaturation of aptamers is reversible. [10] 

II. METODOLOGY 

To detect adenosine waves, an aptamer marked with a 

fluorophore and ssDNA marked with Dabcyl were used, as 

in [11].  

The two DNA chains are hybridized. In the presence of 

adenosine, the aptamer bonds with it because it is more stable 

than bonding with ssDNA. The result is an increase of 

fluorescence. 

 

 
Fig. 1. Aptasensor for Adenosine. Aptamer for adenosine marked with 

a Green Fluorophore which is initially bonded with an ssDNA-Q with a 

Dabcyl (black dot) – No fluorescence detected. In the presence of 

adenosine (red star), the Aptamer is more stable with this molecule and 

connects with adenosine instead of the ssDNA-Q – the fluorescence 

increases. 

 

The aptamer used was: 5’ –TCACTGACCTGGGG-

GAGTATTGCGGAGGAAGGT marked with FAM 

(Fluorescein amidite) in the 5’ extremity (the bold part 

corresponds to the aptamer for adenosine); from now on, it 

is designated as Aptamer. It also purchased the ssDNA: 5’-

CCCAGGTCAGTG, marked with Dabcyl in the 3’ end, from 

now on designed as ssDNA-Q. Both molecules were 

purchased from stabvida. Both stocks of DNA were diluted 

in Tris-EDTA Buffer (TE), since with this buffer DNA is 

soluble and protected from degradation. The TE Buffer was 

prepared with deionized water and 10 mM Tris and 1 mM 

EDTA. Both components are from Sigma Aldrich. The 

equipment and methodology described above was common 

to all the experiments. 

 

 Macroscale 

 Quantification of ratio between Aptamer and 

ssDNA-Q 

 

To understand both the interaction between the aptamer 

and the ssDNA-Q and the different values of fluorescence 

involved, a spectrofluorometer was used, in which the 

excitation and emission wavelengths are set. To perform the 

measurements, two sets of 6 solutions in eppendorfs of 2 mL 

were prepared. The first set had 100 nM of Aptamer in all six 

tubes and different concentrations of quencher in each one: 

0 nM, 25 nM, 50 nM, 100 nM, 200 nM and 400 nM. The 

second set follows the same method but with different 

concentrations for the aptamer (500 nM) and quencher (0 

nM, 125 nM, 250 nM, 500 nM, 1000 nM and 2000 nM). The 

preparation was as follows: 200 µL of each solution in a 

specific order: TE Buffer, Aptamer and ssDNA-Q. To 

guarantee the bonding between Aptamer and ssDNA-Q, it 

rested for one hour at room temperature (~20 ºC). After one 

hour, the solutions were put in white polystyrene Corning
®

 

96 well plates, where the solutions without quencher and 

another well with TE buffer solutions were the controls. 

For the measurements, the spectrofluorimeter used was a 

Varian Cary Eclipse, with the conditions described in Table 

I. The readings were the average from 5 consecutive 

measurements with a 0.1 s interval. 

 

TABLE I 

CONDITIONS FOR THE SPECTROFLUOROMETER 

Excitation Wavelength (λex) 495 nm 

Emission Wavelength (λem) 520 nm 

Voltage for the photomultiplier tube 800 V 

Excitation/emission slits 5 nm 

 

 Detection of adenosine 

 

Once the ratio of concentrations of Aptamer and ssDNA-

Q was defined, adenosine was introduced. A stock of 

adenosine solution in deionized water with a concentration 

of 2 mM was prepared. This solution must be heated lightly 

(not reaching its boiling point) to ensure its homogeneity. 

The adenosine was purchased from Sigma Aldrich. 

The method was similar to the one discussed in 1., but with 

fixed concentrations of aptamer and ssDNA-Q, and different 

concentrations of adenosine. 

In these experiments, two different buffers were tested: the 

same used in [11], from now on designated as HEPES 

Buffer, and another used for astrocytes culture [12], from 

now on designated as Astrocytes Buffer. 

The HEPES Buffer was prepared with Milli-Q water and 

5 mM MgCl2, 300 mM NaCl and 25 mM HEPES (4-(2-

hydroxyethyl)-1-piperazineethanesulfonic acid). 

Astrocytes Buffer was also prepared with Milli-Q water 

and is composed by: 125 mM NaCl, 3 mM KCl, 1.25 mM 
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NaH2PO4, 2 mM MgSO4, 2 mM CaCl2, 10 mM D(+)-glucose 

and 10 mM HEPES. All the components of the buffer were 

kindly provided by IMM: a five times concentrated solution 

with NaCl, KCl, NaH2PO4, D(+)-glucose and HEPES. To 

prepare a 50 mL Solution, 10 mL of the concentrated 

solution, 40 mL of Mili-Q water, 100 µL of CaCl2 and 100 

µL of MgSO4 were used. The pH solution was adjusted to 7.4 

with 0.1 M NaOH solution. 

To ensure that the binding between aptamer and ssDNA-

Q worked in both buffers, this experiment was performed in 

the same conditions as the ones previously described. 

A set of solutions with a total volume of 200 µL, in 1.5 or 

2 mL eppendorfs with different concentrations of adenosine 

was prepared once more. The conditions of acquisition were 

the same stated previously. 

 

 Microscale 

 Gradient Generator 

 

To perform the microfluidic tests, a Gradient Generator 

(Fig. 2). The microfabrication process was simplified, with 

the mould kindly provided by Andreia Gameiro [13] and it 

was ready for the soft-lithography. 

To obtain the microfluidic device, two dilutions of PDMS 

and a cure agent were prepared: 

- 10:1 (PDMS : Cure Agent) for the device 

- 20:1 (PDMS : Cure Agent) for coating a slice of glass 

for the base of the device 

After mixing, these were placed in the degasser for 

approximately 40 minutes to remove air bubbles. 

Then, the 10:1 solution was poured in the mould (which 

was previously attached to a Petri dish with clean room tape) 

and the 20:1 was used for coating the glass, using a spinner 

for 32 s, at a velocity of 2800 rpm and acceleration of 2000 

rpm.s-1. Both mould and glass remained in the oven at 70 ºC 

for 50 and 40 min respectively – half cure process. 

Then, both parts (PDMS with the structure and Glass) 

were joined together and placed again in the oven for 15h. 

This step allows an irreversible adhesion and completion of 

the baking process. The final step is to place the inlets and 

outlet connectors, seal them again with a bit of PDMS 

mixture and place them in the oven at 70 ºC for 1 h. 

 

 Tests in the Gradient Generator with Aptamer 

and ssDNA-Q 

 

Before introducing the adenosine, it is important to verify 

if the Aptamer and the ssDNA-Q work properly in the 

microfluidic device. The first test consists of preparing three 

solutions with a total volume of 100 µL with the same 

concentrations of Aptamer (500 nM) and with three different 

concentrations of ssDNA-Q (0 nM, 1000 nM and 2000 nM). 

The presence (or not) of the ssDNA-Q will result in a 

gradient at the end of the structure. Before introducing the 

solutions and because PDMS is hydrophobic, the device was 

functionalized with Bovine Serum Albumin (1%) (BSA-1%) 

which was previously prepared with PBS (0.01 M). The BSA 

molecules are adsorbed by the PDMS and block the device 

walls [14]. This way, it is guaranteed that the chemical 

solution with aptamer and quencher will not be adsorbed by 

the device walls and that it will reach the end of the device 

with the initial concentrations. 

 

 

 
 

Fig. 2. Gradient Generator scheme, with detail of serpentine where the 

mixes occur and the chambers. (Adapted from [14]) 

 

 

Three syringes were filled with BSA-1% and each one was 

placed in a syringe pump. The connection with the device is 

made by capillary tube and metallic adapters. The liquid had 

a flow rate of 2 µL per minute (µL/min) and it flows for 

approximately 15min. After this, BSA will remain inside the 

device for a further 10min. BSA-1%. 

After the functionalization, the solutions of aptamer and 

quencher can be introduced in the device. Because a small 

quantity of solution is used, it does not fill up the syringe. 

Each syringe and the capillary tube coupled to it were filled 

with water; then, the water was slightly pulled back to create 

a small air space, and the solution was also pulled to the 

capillary tube. This way, it was possible to have a small air 

space between water and solution. Each syringe was again 

placed in a syringe pump (in order to guarantee that all three 

inlets have the same velocity and to have a linear gradient) 

and the capillary tube was connected to each inlet through 

the metallic adapters already inserted in the device. 

Each syringe pump was settled with a flow rate of 1 

µL/min, and the solutions started to flow into the device. 

After 15 minutes of flow, the acquisition of images started, 

in order to verify the stability of the gradient with 1s of 

exposure time and 2x gain. After the gradient stabilized, the 

final images were acquired in the same conditions. A picture 

was taken with each camera, corresponding to a different 



concentration of quencher. The average fluorescence 

intensity in the acquired images was measured using ImageJ 

software. The syringe pumps used were New Era NE300. 

The capillary tube (BTPE-60) and the metallic adapters were 

purchased from Instech Solomon and the syringes from 

Codan. For the image acquisition, a digital camera 

(DFC300FX) coupled to a Leica DMLM microscope with 

the light source of a 100W mercury lamp was used. For the 

excitation of the molecules, a blue excitation light with a 

band pass illumination path at wavelengths between 450 nm 

and 490 nm and a long pass observation path above 515 nm 

was used. 

 

 Tests with adenosine using a Microfluidic 

Structure 

 

The tests with adenosine were performed under similar 

conditions as the ones described previously. Several tests 

were made and for each one, three solutions with Astrocytes 

Buffer, 500 nM of Aptamer, 1000 nM of ssDNA-Q and 

different concentrations of Adenosine were prepared. The 

first test was made with 0 µM, 500 µM and 1000 µM of 

Adenosine, and this was the test with highest concentrations 

performed. The second test had 0 µM, 250 µM and 500 µM 

of Adenosine and the third test 0 µM, 125 µM and 250 µM. 

Before the test, the Gradient Generator was functionalized 

with BSA (1%) under the conditions described above. After 

the functionalization, the flow of the solutions and the image 

acquisition process were also performed in the same 

conditions as described above. The same materials were used 

as well as the software to measure the average fluorescence. 

 

 Immobilization of the Aptamer 

 

For the immobilization of the Aptamer at the surface, the 

experiment chosen was the electrostatic immobilization. For 

this experiment a straight channel with 20 µm high, 200 µm 

width and 4 mm length was used.  

The first step is to treat the channel with Corona, creating 

small impulses of 1s inside the channel. Next, an APTES 

(2%) solution was prepared with 200 µL of Ethanol and 5 µL 

of APTES (96%) and flowed to the channel for 10 minutes 

with a flow rate of 1µL/min and 5 minutes more without 

flow, just the liquid inside. The materials used such as 

syringe pump, syringes and capillary tube are the same 

already mentioned. Next, the APTES must be washed from 

the channel and this is done in two steps: Ethanol and 

deionized water. First Ethanol is flowed for 5 minutes with a 

flow rate of 5 µL/min and stays inside the channels for 5 

minutes more, then the same procedure is applied for the 

deionized water. 

The next step is to flow the Aptamer into the channel and 

for that purpose a solution with a concentration of 5 µM was 

prepared with Astrocytes Buffer for a total volume of 20 µL. 

Since this small amount of solution is not enough to fill up a 

syringe, the syringe and capillary tube coupled to it were 

filled with water and slightly pulled back to create a small air 

space, and then the solution was also pulled into the capillary 

tube. For 10 minutes, with a flow rate of 1 µL/min the 

solution of aptamer was flowed inside the channel and stayed 

inside for more 5 minutes. To remove all the molecules that 

did not bind to the surface, the channel was washed with 

Astrocytes Buffer for 5 minutes with a flow rate of 2 µL/min. 

To verify if the Aptamer bound to the surface, the channel 

was measured in an inverted microscope with acquisition 

conditions of 2s Exposure and 5 dB of Gain. The microscope 

used was Olympus CKX-41, with a digital camera (Olympus 

XC30) coupled to acquire images. Then, a second molecule 

was added to the channel: ssDNA-Q. A solution with total 

volume of 20 µL was prepared with Astrocytes Buffer and 

ssDNA-Q concentration of 10 µM, and was placed in the 

capillary tube with the same technique creating a bubble air 

between water and solution. The method for the flow the 

solution with ssDNA-Q to the channel was the same used for 

the Aptamer (10 minutes with 1 µL/min flow and 5 more 

minutes without flow), just like with Astrocytes Buffer. After 

the wash, the channel was measured again with the same 

conditions. 

Last step was the introduction of adenosine, a solution 

with 5 mL of total volume and 500 µM of adenosine with a 

flow rate 0.5 µL/min. In this last step, the acquisition of 

images was taken in intervals of 20 seconds, and in the same 

conditions already explained. 

III. RESULTS AND DISCUSSION 

 Molecular Interaction between ssDNA-Q and 

Aptamer 

 

The first step of this experimental work was to ensure a 

proper interaction between Aptamer and ssDNA-Q. For this 

first experiments, the spectrofluorometer with the conditions 

already explained in previous section was used. This step of 

the work is crucial, since it is necessary to guarantee that the 

binding between the Aptamer and ssDNA-Q significantly 

reduces the signal because of the quenching. This way, it will 

be possible to see an increase of fluorescence in the presence 

of adenosine, since the system is more stable with the 

Aptamer rather than with ssDNA-Q. 

 

 Tris-EDTA (TE) Buffer 

 

The first buffer used to test the interaction between the 

Aptamer and ssDNA-Q was the same as the one used to 

dilute the molecules. As mentioned before, the choice of this 

buffer for dilution is obvious, as it is a common buffer in 

molecular biology and its properties prevent the degradation 

of DNA. Based on these facts, the first set of tests was 

undertaken, towards an ideal concentration of Aptamer and 

ssDNA-Q. To understand the amount of molecules needed to 

produce a good fluorescence of aptamer, two different 

concentrations of Aptamer (100 nM and 500 nM) and 

respective ratio of ssDNA-Q (1/4, 1/2, 0, 1, 2) were used.  

In both cases, the effect produced by ssDNA-Q was a 
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decrease of the fluorescence, more relevant for higher 

concentrations of ssDNA-Q. 

After this first test, the focus of the study was directed to 

higher concentrations of aptamer (500 nM) and the relation 

with ssDNA-Q, as represented in Fig. 3. 

 

 HEPES Buffer 

 

Although the TE Buffer seems to work properly for the 

interaction between the Aptamer and ssDNA-Q, there are 

some concerns about its influence in the proper conformation 

of the Aptamer, and consequently, proper binding to the 

adenosine. With this concern in mind, for the next 

experiment, the buffer chosen was the same that Elowe et al 

[11] used for the same Aptamer and ssDNA-Q. This buffer 

is constituted by 5 mM MgCl2, 300 mM NaCl and 25 mM 

HEPES at pH 8.0. 

 

 
 

Fig. 3. Fluorescence intensity of 500 nM Aptamer with different 

concentrations of ssDNA-Q, using TE-Buffer. 

 

Again, the behaviour of ssDNA-Q is more evident due to 

its higher concentrations (Fig. 4). Comparing with the TE 

Buffer, the curves are similar, under the same conditions but 

with different orders of magnitude:  

- For TE Buffer, the intensity of 500 nM Aptamer 

without ssDNA-Q is 761 a.u. ± 3 

- For HEPES Buffer, the intensity of 500 nM Aptamer 

without is 75.5 a.u. ± 0.3 

This decrease in Fluorescence can be explained by the 

components of the HEPES Buffer, in particular the NaCl and 

MgCl2 due to the interaction of the cations Na+ and Mg2+ and 

the fluorophore present in the Aptamer (FAM). In fact, as 

[15] describes, fluorescence intensity of FAM is sensitive to 

the nature and concentration of cations. In fact, it is described 

that some cations such as Li+, Na+, K+ and Mg2+ causes 

quenching in the FAM fluorescence. Furthermore, the 

authors say that the concentrations of cations required for 

50% quenching of FAM fluorescence were estimated as 

follows: 2µM of K+, 1 mM of Mg2+, 20 mM of Na+ and 80 

mM of Li+ [15]. Comparing with the concentrations of Na+ 

(300 mM) and Mg2+ (5 mM) present in the HEPES Buffer, 

the decrease of fluorescence is justified.  

 

 Astrocytes Buffer 

 

Despite the HEPES Buffer, as stated in Elowe et al [11] 

working properly in the interaction of the three molecules, 

the low signal presented in the previous section may be a 

concern when proceeding to the miniaturization of the 

system. Another concern, for a future perspective, is the 

behaviour of the Aptamer and ssDNA-Q in cells. 

 

 
 

Fig. 4. Fluorescence intensity of 500 nM Aptamer with different 

concentrations of ssDNA-Q, using HEPES Buffer. 

 

With these issues, a third Buffer was tested to see how 

sensitive the binding between Aptamer and ssDNA-Q was 

with a more complex buffer in terms of components. The 

buffer chosen is used for fluorescence measurements in 

astrocytes. There are two components of this buffer similar 

to HEPES Buffer: NaCl (but with a much lower 

concentration) and HEPES. Furthermore, pH of Astrocytes 

Buffer is slightly different (pH=7.4) which also may be a 

critical point. With these concerns, the experiment was 

performed and the result is illustrated in Fig. 5. 

The Aptamer and ssDNA-Q, have a good binding again, 

since the fluorescence decreases with ssDNA-Q. The effect 

of ssDNA-Q is clearer to higher concentrations. Comparing 

the three buffers, TE Buffer is the one that presents a major 

intensity for 500 nM of Aptamer without ssDNA-Q (761 a.u. 

± 3) followed by Astrocytes Buffer (391 a.u. ± 2) and HEPES 

Buffer presents the lowest signal (75.5 a.u. ± 0.3). As already 

explained in the previous section, the fluorescence for the 

same concentration of Aptamer is due the presence of 

cations.  

In the case of Astrocytes Buffer, the influence of the 

cations is not as dramatic as in HEPES Buffer. A brief 

analysis of the cations present on this Buffer can explain this. 

Analysing the concentrations of each component of the 
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Astrocytes Buffer, the cations concentrations are: 126.25 

mM Na+, 3 mM K+, 2 mM Ca2+ and 2 mM Mg2+ and 

comparing with the ones estimated by Juskowiak et al [15] 

required for 50% quenching of FAM, the difference between 

TE Buffer and Astrocytes Buffer is explained. 

Furthermore, the signal difference between Astrocytes 

Buffer and HEPES Buffer can be explained by the different 

pH of each buffer, to which the fluorophore is sensitive. 

 

 
 

Fig. 5. Fluorescence intensity of 500 nM Aptamer with different 

concentrations of ssDNA-Q, using Astrocytes Buffer. 

 

 Behaviour of Aptamer and ssDNA-Q in the 

presence of adenosine 

 

The interaction tests between the Aptamer and ssDNA-Q 

allowed the definition of their concentrations for the tests 

with adenosine: 500 nM Aptamer and 1000 nM ssDNA-Q. 

A test was performed for each Buffer, using different 

concentrations of adenosine. It was not possible to detect 

adenosine with the TE Buffer, since the intensity for different 

concentrations of adenosine was approximately the same. 

This result confirms that, although the TE Buffer is a good 

buffer to store DNA, it interferes with the structure of the 

Aptamer, which is crucial to bind with Adenosine instead of 

ssDNA-Q.  Additionally, the test performed with the two 

other Buffers was more successful. Again, and as expected, 

the curve has similar shapes in both Buffers, but different 

orders of magnitude. The reasons are the same already 

presented previously. 

An important concept for the correct analysis of the graphs 

and a proper understanding of the amount of adenosine that 

can be detected is the Limit of Detection (LoD). The limit of 

detection expresses the lowest concentration of analyte that 

can be detected for a given type of sample, instrument and 

method. To this particular case, the LoD will be calculated 

using the regression line for each graph. The LoD is then, 

calculated from the intercept and standard error of the 

regression line: 

 
𝑐𝐿𝑂𝐷 =

𝑠𝑦/𝑥

𝑏
× 3.3 

(1) 

 

Where sy/x represents the standard error of the predicted y-

value for each x in the regression and b represents the slope 

from the equation of the regression line 𝑦 = 𝑚𝑥 + 𝑏 and the 

number 3.3 is a factor of multiplication. 

The LoD for adenosine was then calculated for each 

Buffer, and the results are below. 

 

TABLE II 

LIMIT OF DETECTION (LOD) FOR EACH BUFFER 

HEPES Buffer 584 µM 

Astrocytes Buffer 354 µM 

 

Comparing the LoD for adenosine for each buffer, it can 

be observed that they are very similar, but very high for the 

main objective of this work. Furthermore, these tests 

confirmed that the interaction between the three molecules 

was adequate, although the concentrations of adenosine were 

not the ones desired. The next step is to optimize the system 

to detect physiological concentrations of Adenosine (in the 

order of 20 µM, maximum). Although both buffers seems to 

not interfere with the functioning of the molecules, as a 

matter of future work perspectives with astrocytes, from now 

on all the experiments will be performed with the Astrocytes 

Buffer. 

 

 The Gradient Generator and the behaviour of 

Aptamer, ssDNA-Q and Adenosine 

 

Based on the results and analysis made for macro scale, a 

miniaturized system was used to reproduce similar results in 

micro scale. Andreia Gameiro’s microfluidic device was 

chosen for this task. This device is the Gradient Generator. 

Although the good interaction between aptamer and 

ssDNA-Q was already proven on previous sections, it is 

necessary to study how they work in this new approach. For 

that, a few tests were performed. 

At the start of the image acquisition, the system must be 

stable. For that reason, the acquisition of images was set to 

start 20 to 30 minutes after the solutions were flowed into the 

PDMS device. For these first tests, the conditions of 

acquisition were 1s Exposure and 2x Gain. The 

concentrations of ssDNA-Q for each chamber were 

calculated based on theoretical values. 

There is an obvious decrease in fluorescence with ssDNA-

Q (Fig. 6.). The low values of error for each point are 

justified by the uniformity of the signal along the chamber. 

Comparing with the results obtained in macro scale for the 

same buffer (Astrocytes Buffer) the difference in intensity of 

fluorescence is evident, although the curves follow a similar 

behaviour.  

This result is explained by several factors but with main 

focus for the quantity of molecules that are measured in the 

different cases (the volume of solution used was much higher 
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in the macro than in the microscale experiments) and the 

completely different conditions in both experiments: 

spectrofluoromoter vs microscope; intensity of excitation 

light and light travel path. 

 

 
 

Fig. 6. Fluorescence Intensity for 500 nM of Aptamer and various 

concentrations of ssDNA-Q, in PDMS device. Each point represents a 

different chamber. 

 

1.1.1 Adenosine Behaviour in the Gradient Generator 

 

With the PDMS working properly and the concentrations 

and intensity of Aptamer vs ssDNA-Q optimized, it is time 

to check the system by adding adenosine. In each inlet, the 

amount of Aptamer and ssDNA-Q (500 nM and 1000 nM 

respectively) is constant and the concentration of adenosine 

will vary. With these tests, an increase in fluorescence with 

adenosine is expected, since the binding between this purine 

and the Aptamer is more stable than the one established 

between Aptamer and ssDNA-Q. Since the behaviour of 

adenosine in the PDMS device is unknown, the 

concentration of adenosine chosen for the tests was high 

enough to ensure the system would be disturbed. A test was 

designed to understand the behaviour of Adenosine in the 

system. Fig. 7. shows the concentrations used for each 

solution for the inlets and also the relative concentrations 

calculated to each chamber. 

Analysing the data, the effect of adenosine is notorious. 

Comparing the results with the first test performed, with 500 

nM Aptamer and various concentrations of ssDNA-Q, there 

are two results in focus: the intensity to 500 nM Aptamer 

without ssDNA-Q, from the first test without adenosine (9.1 

a.u. ± 0.3) and the intensity to the mix 500 nM 

Aptamer+1000 nM ssDNA-Q with 500 µM adenosine (7.4 

a.u. ± 0.1). This result proves a good binding between 

Aptamer and adenosine, since although in the second case, 

the quencher is present the intensity is high. In terms of 

behaviour of the molecules in a PDMS device, there are no 

concerns, due to this test. 

In order to better understand which quantity of adenosine 

can be detected, the LoD was again calculated, using 

equation (1). For this experiment the LoD obtained was 81 

µM, which represents an improvement compared to the 

results obtained in the previous section, although is far from 

the main goal of the work.  

 

 
 

Fig. 7. Intensity for different concentrations of Adenosine with 500 nM 

Aptamer and 1000 nM ssDNA-Q. Conditions of acquisition: 1s Exposure 

and 2x Gain 

 

In order to optimize the system and reduce the LoD, some 

factors have to be changed. Two of the factors were: the 

concentrations of Aptamer and ssDNA-Q and the conditions 

of acquisition in the microscope. The first factor aroused the 

important question of the ratio of numbers of molecules in 

the system. The ratio between Aptamer and ssDNA-Q was 

optimized, the ratio between Aptamer-ssDNA-Q and 

adenosine was not. Since this nucleoside is a very small 

molecule, the concentrations can influence the sensitivity of 

the system. The absolute fluorescence obtained for these 

experiments was low, resulting in a low range to allow the 

understanding of the behaviour of lower concentrations of 

adenosine, which may influence the detection limit. 

 

1.2 Towards physiological concentrations of adenosine 

in the Gradient Generator 

 

Adenosine acts via diverse receptors, each one associated 

with a specific concentration which ranges between 1 nM 

and 20 µM. 

A comparison between this range of concentrations and 

the limit of detection obtained in the described experiments 

indicates that the system needs to be optimized to a limit 

detection in the order of µM to be obtained. As mentioned in 

the previous section, there are some parameters which can be 

changed in order to optimize the system (the ratio of 

molecules between the mix Aptamer-ssDNA-Q and 

adenosine used may not be suitable and the conditions of 

acquisition might not be the most appropriate).  
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In the experiments previously described, solutions 

constituted by 500 nM of Aptamer and 1000 nM of ssDNA-

Q were used, resulting in a detection limit of 81 µM. Since 

this is a competitive system where adenosine competes with 

ssDNA-Q to bind the aptamer, an increase in the number of 

adenosine molecules in the system results in an increase in 

the number of adenosine molecules for each aptamer, and 

consequently more signal. Since the main objective is to 

reduce the detection limit, there is a need to change the 

concentration of the mix Aptamer and ssDNA-Q 

(maintaining the ratio between them). An increase in the 

number of adenosine molecules in solution, relatively to the 

number of molecules in the mix Aptamer-ssDNA-Q, is 

desirable; this can be achieved by decreasing the 

concentration of Aptamer and ssDNA-Q. This procedure 

would lead to another concern: conditions of acquisition. In 

the previous experiments, the range of intensity was low; by 

reducing the concentration of aptamer, the number of 

fluorophores will also be reduced and consequently so will 

the fluorescence intensity. A change in acquisition 

conditions is crucial. Until now, the acquisition conditions 

were: 1s Exposure and 2x Gain. Since a better signal and not 

a higher resolution is desired, the best option is to use a 

higher gain and a similar time of exposure (thus avoiding 

photobleaching – destruction of the fluorophores). Taking all 

these aspects into account, a new experiment was designed. 

For this new test, the concentrations of Aptamer and ssDNA-

Q are reduced to - 250 nM Aptamer and various 

concentrations of ssDNA-Q – and the acquisition conditions 

changed for 2s Exposure and 5x Gain. The methods and 

materials used are the same as in the previous experiments.  

Under these new conditions, although the concentration of 

Aptamer + ssDNA-Q is smaller, a stronger signal is 

expected, due to the amplification of signal imposed by the 

gain. 

Fig. 8 shows the expected result. Comparing the intensity 

of 500 nM Aptamer (without ssDNA-Q or adenosine) from 

previous tests with the intensity of 250 nM Aptamer (without 

ssDNA-Q or adenosine) the difference is considerable: 

- For 500 nM Aptamer the intensity is: 9.1 a.u. ± 0.3 

- For 250 nM Aptamer the intensity is: 17.9 a.u. ± 0.4 

There is a clear improvement of the signal when 

comparing the experiments. This was the expected 

behaviour, although the concentration of molecules was half 

in this new experiment, the acquisition conditions were very 

different, with a higher time exposure and a greater gain. 

Furthermore, these new results are coherent, and the linear 

regression is appropriate (the R2 value is 0.90). 

For the experiments with adenosine, already described, the 

results are presented in the Fig. 9.  

A brief comparison of the intensity of 250 nM Aptamer 

with 500 nM ssDNA-Q (3.7 a.u. ± 0.9) with the mix 250 nM 

Aptamer+500 nM ssDNA-Q and 500 µM Adenosine (12.5 

a.u. ± 0.5) can be reflected in an increase of approximately 

70% of signal. For this experiment, the LoD was 95 µM, 

which is not a desirable result. 

There are many aspects that can be optimized in order to 

increase the signal besides the acquisition conditions. 

Rethinking new strategies or even an optimization of the 

PDMS device are the main concerns. 

 

 
 

Fig. 8. Fluorescence Intensity for 500 nM of Aptamer and various 

concentrations of ssDNA-Q, in PDMS device. Each point represents a 

different chamber. Acquisition conditions: 2s Exposure 5x Gain. 

 

Since the PDMS device was re-used from another type of 

experiments, its optimization for this kind of experiment is 

crucial. The structure was designed to perform biological 

tests using cells, and was dimensioned for that purpose. The 

channels are very small in all dimensions, which means the 

area were the light strikes is considerable small, compared 

with standard straight microchannels. One option is to 

increase the height of the channels. This can be easily done 

when the fabrication of mould is done. But, since the 

behaviour between all the molecules is already known in 

PDMS structures, a good option is to use simpler channels 

and with the concentrations of interest only, instead of this 

method with 9 different concentrations. 
 

Another important point is the way the acquisition was 

made. All the experiments in microscale were made in flow, 

i.e., the molecules were in constant movement, although in 

steady state. In this kind of work it is important to have a 

complete control on the molecules and the immobilization of 

the Aptamer must be a priority step.  
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Fig. 9. Intensity for different concentrations of Adenosine with 250 nM 

Aptamer and 500 nM ssDNA-Q. Conditions of acquisition: 2s Exposure 

and 5x Gain. 

 

And it is with immobilization in mind that in the next 

section a brief experiment and discussion will be made. 

 

 Immobilization of the Aptamer 

 

The current approach to detecting adenosine adapted from 

Elowe et al [11] is composed by an aptamer labelled with a 

fluorophore and an ssDNA labelled with a dabcyl which 

quenches the signal, in the absence of adenosine. Until now, 

all the experiments were performed in solution, and none of 

the molecules were immobilized in a surface. Although the 

system implemented serves the propose of detecting 

adenosine, the sensitivity is not enough for the main 

challenge of this work, which is to achieve a detection limit 

in the order of µM. Immobilization, is then the next step to 

improve affinity and sensibility of the system. For this 

immobilization, a solution of aminopropyltriethoxy silane 

(APTES) was used, resulting in a monolayer of positively –

NH2 on the surface. Due to the negative charges of the 

phosphate groups of the Aptamer, an electrostatic force will 

be established with the positive charges of the amino groups, 

resulting in the immobilization of the Aptamer. With the 

Aptamer immobilized, the ssDNA-Q was flowed to the 

channel and then washed to remove all the molecules that did 

not bind with the Aptamer. 

The decrease in fluorescence after adding ssDNA-Q to the 

immobilized aptamer is evident. An analysis using ImageJ 

indicates that an intensity of 15.6 a.u. for the Aptamer and 

3.8 a.u. for the mix Aptamer+ssDNA-Q was obtained. This 

represents a decrease of 76% in the signal, which means that 

the ssDNA-Q binds very well to the immobilized Aptamer. 

The interaction between Aptamer and ssDNA-Q is not 

affected by the electrostatic immobilization.  

The last step of this experiment was to introduce the 

adenosine in the channel with a low flow rate (0.5 µL/min), 

and analyse the reactions in the channel in real time. Images 

were acquired in intervals of 20s for 5min in order to avoid 

photobleaching. After this period, the last image was 

analysed with ImageJ, indicating an intensity of 3.99 a.u., 

which is almost the same for the Aptamer + ssDNA-Q. This 

means that adenosine could not compete with ssDNA-Q and 

bind with the Aptamer, and in this way increase the signal. 

The failure of the binding between adenosine and the 

Aptamer is related to the procedure used for the 

immobilization. Due the type of immobilization, the 

Aptamer is entirely fixed to the substrate, which influences 

the structure of the aptamer, blocking the binding to the 

adenosine.  

IV. CONCLUSIONS AND FUTURE WORK 

 

The first main conclusion of this work is that the system 

developed with the aptamer, can detect adenosine, although 

it needs some optimizations in the future. 

Another important conclusion from the experimental work 

is drawn from the design of the aptasensor, since the first 

experiments led to the conclusion that the best ratio between 

the Aptamer and ssDNA-Q, which permits the quenching of 

the fluorophore present in the Aptamer, is 1:2 (Aptamer: 

ssDNA-Q). 

Under proper conditions, the designed aptasensor was 

capable of detecting adenosine, first in macroscale and then 

in a miniaturized system.  On both cases it was possible to 

verify that, although aptamers are presented with high 

affinity, there are aspects which can influence its proper 

functioning, such as the pH of the solution or the 

absence/presence of components (for example, salt).  

In macroscale, the main conclusion inferred from the 

interaction between the aptasensor and adenosine was that, 

although the TE Buffer used proved to be the best option for 

storing both molecules of the aptasensor (Aptamer and 

ssDNA-Q), it was not appropriate to promote the binding of 

the Aptamer with adenosine. This may be due to the 

influence of the components of the buffer in the proper 

conformation of the aptamer to bind adenosine, which is 

crucial. Using the other two Buffers (HEPES and 

Astrocytes), the aptasensor worked: in the presence of 

adenosine, the aptamer binds to it instead of the ssDNA-Q, 

and there is an increase of signal. In terms of LoD, the 

difference for each Buffer was evident (584 µM for HEPES 

Buffer and 354 µM for Astrocytes Buffer), but both are quite 

far from the main goal of this work, which is to detect 

physiological concentrations of adenosine in much lower 

concentrations. At this stage, it was also concluded that, for 

the next steps of the experimental work, the Astrocytes 

Buffer should be employed, due to the future work. 

As for the microscale, the choice of a gradient generator 

for the first tests in microfluidic led to successful results: the 

tests were always very reproducible and it was possible to 

distinguish and quantify at the same time the intensity of the 

signal for different concentrations of adenosine. The first 

tests with adenosine brought a slightly better LoD (81 µM), 
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compared to the ones obtained in the macroscale, but still far 

from the one needed. Based on these results, some 

conclusions were taken and used for the next steps of 

optimization of the system. The first conclusion is that the 

concentrations used for the mix Aptamer + ssDNA-Q 

probably were not appropriate. Additionally, the low range 

of signal indicated that the acquisition conditions were not 

the most appropriate. 

The next set of tests took these facts into account and led 

to some interesting conclusions. Although lower 

concentrations of Aptamer and ssDNA-Q were used, a 

general improvement of intensity signal in the experiments 

was found (9.1 a.u. ± 0.3 for 500 nM Aptamer and 17.9 ± 0.4 

for 250 nM Aptamer). This higher signal is justified by the 

optimized acquisition conditions. 

Regarding adenosine detection, the LoD obtained (95 

µM), was still far from the concentration of adenosine 

defined. The optimizations were not enough, and based on 

the results and in literature, the next obvious step seems to 

be the immobilization of the aptamer, promoting a better 

control and a refinement of the system. With the 

immobilization, the gradient generator no longer makes 

sense, and straight channels were used. 

The type of immobilization chosen was electrostatic. The 

test proved that the aptamer can, in fact, be immobilized at 

the surface and bind with the ssDNA-Q, but nothing 

happened when adenosine was added to the system. This 

problem is related to the fact that the immobilization is 

electrostatic, causing the DNA chain of the Aptamer to be 

immobilized, which changes its conformation and hinders 

the adenosine to bind. 

There are many aspects of the experimental procedures 

which can be optimized. Although the gradient generator 

was useful for the first experiments in microfluidics, to 

understand the behaviour of the aptasensor and adenosine, in 

a next stage of the work this technique may be abandoned, 

since the immobilization of the aptamer seems to be the most 

feasible option for better control of the system. Taking this 

into consideration, the experiments should no longer be 

performed in flow. 

For future work, it is proposed that the aptamer in 

addition to being labelled with FAM in 5’-end, is also 

labelled in 3’ - end with biotin, in order to promote the 

immobilization through streptavidin. Furthermore, the 

system used for the detection is kept the same: hybridizing 

the aptamer with an ssDNA labelled with a quencher in 3’ - 

end, suppressing the emission of the fluorophore and, in the 

presence of adenosine, the aptamer binds with it, releasing 

the ssDNA labelled with quencher, and the fluorescence 

signal increases. Due to the minimization of the effects of 

surface immobilization on the binding of the aptamer, it 

should be introduced a spacer (five thymine nucleotides) 

between the aptamer and the biotin. 

In what concerns the immobilization of the aptamer in the 

microfluidic device, the coating of the inner surface of the 

microfluidic channel with streptavidin, via long PEG 

(Polyethylene glycol) chain is proposed. Besides, the 

structure of the microfluidic device must be reconsidered, 

since the gradient generator no longer makes sense with the 

immobilization. For the first tests, straight normal channels 

should be the best option. 

With these optimizations, the system will be more 

consistent, stable and will allow sensitive and selective 

detection in small volumes. 
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