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Abstract

:

Tetracyclines are a group of common antibiotics, but owing to their toxicity, most of them are only used in animal husbandry and veterinary medicine. A DNA aptamer for tetracyclines has recently been reported. Upon aptamer binding, the fluorescence of tetracyclines was enhanced. This unique fluorescence enhancement was used to selectively detect the tetracyclines. The purpose of this study was to use graphene oxide (GO) to suppress the background fluorescence for enhanced detection. First, the adsorption of doxycycline on GO was studied. At pH 8.0, 82.7% of doxycycline was adsorbed by GO, and adding 2 µM aptamer desorbed 55.4% of doxycycline. With GO, the signal increase was comparable from pH 6 to 8, whereas without GO, the increase was significantly lower at pH 8. Under optimized condition, a detection limit of 1.6 nM doxycycline was achieved at pH 8.0 in the presence of GO, whereas without GO, the detection limit was 18.9 nM. This is an interesting example of the use of nanomaterials to enhance the performance of aptamer-based biosensors.
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1. Introduction


Antibiotics have been used to selectively kill bacteria or slow their growth to prevent them from multiplying, and they include a range of potent life-saving drugs. Tetracyclines are broad-spectrum antibiotics, including doxycycline, tetracycline, and hyoscine, among others [1]. Tetracyclines enter bacterial cells by passive diffusion and inhibit bacterial growth by interfering with protein synthesis or by disrupting cell membranes. Due to their toxicity and side effects in humans, such as teeth staining in children, and stomach problems, many of the early discovered tetracyclines, such as tetracycline and oxytetracycline, are mainly used in animal husbandry and the veterinary industry. Other compounds, such as doxycycline, are still used in humans [2].



While various methods are available for the detection of tetracyclines, aptamers are particularly attractive for this purpose [3,4,5,6]. Aptamers are single-stranded oligonucleotides that fold into three dimensional structures upon binding to a target molecule [7,8,9,10,11]. Compared to antibodies, aptamers are more stable and easier to modify at a lower cost. Aptamer-based biosensors allow the use of portable devices for signal quantification and have obvious advantages over traditional instrumentation analysis methods such as HPLC in terms of portability [12].



Tetracyclines are known to bind to various RNA structures, such as the 30S ribosomal RNA and tRNA [6]. Therefore, some early studies selected RNA aptamers for tetracycline. For example, the aptamer reported by Berens et al. in 2001 has a Kd of approximately 100 nM [6]. After optimizing the aptamer sequence, the Kd value was further lowered [13]. Based on this RNA aptamer, Tickner et al. performed a re-selection experiment and obtained a highly selective RNA aptamer for doxycycline [5]. For biosensor applications, DNA aptamers are more attractive than RNA aptamers for stability and cost considerations. Niazi et al. reported the first DNA aptamers for oxytetracycline in 2008, and the best aptamer had a reported Kd of 10 nM [3]. Niazi et al. also selected another DNA aptamer using a mixture of magnetic beads coated with tetracycline, oxytetracycline, and doxycycline. The authors reported that the resulting aptamer was able to bind all three tetracyclines [4].



All these aptamers were obtained by immobilization of target molecules. Our lab recently selected a DNA aptamer named OTC5 that can bind tetracycline antibiotics using the library immobilization method [14]. OTC5 has a high affinity for tetracyclines with a dissociation constant (Kd) of about 100 nM. Tetracyclines are fluorescent and the fluorescence intensity is enhanced upon binding by aptamers [13,14,15]. We then developed a unique sensing mechanism based on this aptamer-dependent fluorescence enhancement [14]. Such sensors would work better if the background fluorescence from tetracyclines can be suppressed.



Graphene oxide (GO) is a widely used substrate to adsorb biomolecules, and it is known for its fluorescence quenching properties [16]. A large number of oxygen atoms in the form of epoxy, hydroxyl, and carboxyl groups are present on the surface of GO. Given the structure of tetracycline antibiotics, we expected that GO can adsorb them. In the literature, GO adsorption of tetracycline was previously reported [17]. At the same time, GO can also adsorb DNA [18,19], but its adsorption of aptamer/target complex is slower and weaker [20,21]. Therefore, we aimed to use GO to enhance the performance of such sensors by suppressing the background fluorescence.



Among various tetracycline antibiotics, we chose to use doxycycline in this work due to its higher stability [22]. Doxycycline is a tetracycline antibiotic used primarily for the treatment and prevention of diseases caused by bacterial infections, such as gonorrhea, syphilis, pneumonia, respiratory infections, Rocky Mountain spotted fever, and acne vulgaris. Because it is less toxic than other tetracyclines to humans, doxycycline may be a safe alternative to tetracycline when appropriate [23]. In this work, we used doxycycline as a model target to study the effect of GO on its aptamer-based detection.




2. Materials and Methods


2.1. Chemicals


All of the DNA oligonucleotides were purchased from Integrated DNA Technologies (Coralville, IA, USA). Tetracycline, oxytetracycline, doxycycline, ampicillin, and chloramphenicol were purchased from Sigma-Aldrich. Doxycycline has a higher stability and a stock solution was prepared at 10 mM concentration and stored at −20 °C. It was used for up to a week. Tetracycline and oxytetracycline were freshly prepared from their powders each time due to their lower stability. All the buffers, including 2-(N-morpholino)ethanesulfonic acid (MES), piperazine-N,N′-bis(2-ethanesulfonic acid) (PIPES), tris(hydroxymethyl)aminomethane (Tris), and salts (NaCl, MgCl2), were purchased from Mandel Scientific (Guelph, ON, Canada). Graphene oxide (GO) flakes were purchased from ACS Material (Pasadena, CA, USA) and they were dispersed in water with the assistance of ultrasonication at a concentration of 1 mg/mL. Milli-Q water was used to prepare all the buffers and solutions.




2.2. Fluorescence Spectroscopy


Fluorescence spectroscopy experiments were performed on a Tecan Spark microplate reader with excitation wavelength set at 370 nm and emission at 530 nm. For OTC5 aptamer detection of doxycycline-dependent fluorescence, 200 nM or 500 nM of doxycycline was dissolved in various buffers (10 mM pH 6.0 MES, 10 mM pH 7.0 PIPES, or 10 mM pH 8.0 Tris) containing 2 mM MgCl2, 0 or 2 μM OTC5 aptamer, 20 μg/mL GO, and equilibrated for 30 min before assay after each dissolution. The same method was used for 0 or 2 μM OTC5 aptamer to detect tetracycline, oxytetracycline, ampicillin, and chloramphenicol dependent fluorescence.




2.3. Adsorption Kinetics


The adsorption kinetics used an Agilent eclipse fluorometer at an excitation wavelength of 370 nm and emission wavelength of 530 nm, with a setting time of 10 min and a detection interval of 0.2 min. To achieve sufficient fluorescence, 2 μM doxycycline was used and its fluorescence was monitored for 3 min followed by the addition of 2 μM OTC5 in the absence of GO. In another experiment, kinetic curves of 2 μM doxycycline adsorption by 20 µg/mL GO followed. Then, 2 µM OTC5 was added. The experiments were performed in 10 mM buffer with pH 8.0.




2.4. TEM


Transmission electron microscopy (TEM) images were captured with a Philips CM10 100 kV microscope. A copper TEM grid that was lacey carbon-supported was placed on a filter paper to prepare the TEM sample. The TEM grid was then coated with 10 mL of a GO solution (250 g/mL) and left to dry at room temperature for the next day.





3. Results and Discussion


3.1. Biosensor Design


The structure of doxycycline is shown in Figure 1A, and its extensively conjugate structure may allow favorable adsorption by GO. Doxycycline has three pKa values at 3.0, 8.0, and 9.2, respectively [24]. At pH 6.0, it is nearly charge neutral, whereas at pH 8.0, half of it carries one negative charge. The secondary structure of the OTC5 aptamer is shown in Figure 1B [14], which has two short stems along with three loops. The important target binding regions are in the two loops. Using 370 nm excitation, we monitored the fluorescence of doxycycline at 530 nm. Upon mixing doxycycline with the aptamer, the fluorescence of doxycycline was increased around seven-fold (Figure 1C). We previously designed a biosensor for the detection of tetracycline antibiotics based on this unique fluorescence enhancement (Figure 1D). The fluorescence intensity of other molecules was not changed by the aptamer, regardless of whether those molecules were fluorescent or not.



For a more sensitive sensor, it is desirable to have a lower background fluorescence before the addition of the aptamer (the first bar in Figure 1C). At the same time, the signal after adding the aptamer should remain the same or even stronger (the second bar in Figure 1C). In this work, we aimed to suppress the background fluorescence of doxycycline or other molecules in the sample using GO to adsorb doxycycline. Since doxycycline/aptamer complex may not be favorably adsorbed by GO, a strong final fluorescence may still be anticipated. The new design is shown in Figure 1E, where the sample is first treated by GO to achieve adsorption and suppression of background fluorescence. Upon the addition of the aptamer, aptamer binding may lead to selective desorption of doxycycline and enhanced fluorescence.




3.2. Adsorption of Doxycycline to GO


Figure 2A shows a TEM micrograph of the GO sheets used in this study, and they appeared to be well dispersed. For this sensor design to work, GO needs to be able to adsorb doxycycline and quench its fluorescence. For adsorption on GO, pH and salt concentration are important variables. Both GO and doxycycline have groups that can be protonated at close to neutral pH. Thus, we tested three pH values close to neutral of 6.0, 7.0, and 8.0, respectively. In this pH range, doxycycline is either charge neutral or carries a partial negative charge. GO is negatively charged due to its surface carboxyl groups. Since DNA is negatively charged, its adsorption to GO requires the presence of metal ions [25]. In addition, metal ions can also affect target binding of this aptamer [15]. Therefore, we included Na+ and Mg2+ in the buffers.



First, at the three pH values, we gradually added GO to doxycycline solutions, and we noticed that the background fluorescence was higher when the pH was raised (Figure 2B), which was consistent with our previous observations [15]. Then, significant quenching was observed with increasing concentration of GO at all the three pH values. To better observe the fluorescence quenching, we plotted the normalized fluorescence in Figure 2C. Regardless of the pH, the background fluorescence intensity of doxycycline started to decrease after the addition of GO and reached the maximum at a GO concentration of 20 μg/mL (Figure 2C). The quenched fluorescence was indicative of the adsorption of doxycycline by GO. The phenomenon became more obvious with the increase in pH value, and GO was able to bring the background fluorescence of doxycycline at different pH to a similar level (Figure 2B). Based on the results, it appears that GO had the highest effect in adsorbing doxycycline at pH 8, both in terms of the absolute fluorescence drop (Figure 2B) and in terms of the relative fluorescence drop (Figure 2C).



In a previous paper, the pH-dependent adsorption of tetracycline antibiotics by GO was systematically studied, and it reported a better adsorption at lower pH [17]. This is reasonable since a lower pH can help to reduce charge repulsion between the antibiotics and GO. In our work, however, we observed the opposite. We attributed the difference to the presence of metal ions. The previous work was performed in water, whereas our buffer contained 2 mM Mg2+. It is likely that Mg2+ can bridge negatively charged GO and doxycycline, leading to more efficient adsorption. The effect of metal ions in such cases has been well documented [25,26].




3.3. Suppression of Background Fluorescence by GO


After understanding the adsorption of doxycycline by GO, we then turned our attention to sensing, which relied on the enhanced fluorescence upon aptamer binding. The background fluorescence intensity of doxycycline without GO was 1959 units at pH 8.0, while adding the OTC5 aptamer could increase the fluorescence intensity of doxycycline to 3251 units, i.e., a 1.66-fold increase (Figure 2D). After GO addition, the background fluorescence dropped to 339 units, attributable to the adsorption by GO. After adding the OTC5 aptamer, the fluorescence still reached 2389 units, a seven-fold increase. Therefore, adding GO has drastically improved the signal-to-background ratio at pH 8.0.



Based on this data, we can also calculate the amount of desorbed doxycycline from GO due to binding by the aptamer. Assuming that the fluorescence intensity of doxycycline adsorbed by GO is 0, the remaining fluorescence intensity of 339 units was the background fluorescence due to free doxycycline not adsorbed by GO. Thus, only 17.3% of doxycycline was not adsorbed and 82.7% doxycycline was being adsorbed. After the addition of 2 µM OTC5, the fluorescence intensity of the sample solution rose to 2389 units (Figure 2E). Thus, the fluorescence due to aptamer-induced doxycycline desorption was 2389.4 − 339.2 × 1.66 = 1826.3. Thus, the fraction of desorbed doxycycline was (1826.3/1.66)/1985.8 = 55.4%. Therefore, adding the aptamer did not fully desorb doxycycline, and the 55.4% desorption was already sufficient to boost the signal enhancement. It is likely that adding a higher concentration of OTC5 would desorb more doxycycline to further increase the sensitivity, although this would increase the cost of the sensor.




3.4. Optimization of Sensing Conditions


The above experiments suggested the feasibility of this sensing strategy. We then optimized the sensing conditions. First, we tested the sensor at pH 6.0, 7.0 and 8.0, respectively. In the samples without GO (Figure 3A), the background fluorescence intensity of doxycycline was higher at higher pH, as expected. After adding the OTC5 aptamer, the fluorescence intensities were similar for all the three pH’s. Therefore, the best enhancement caused by the aptamer was at pH 6, reaching nearly seven-fold. However, at pH 8, the enhancement was only two-fold (Figure 3C). This pH-dependent variation in sensor performance may cause problems in calibration curves when the pH of a sample is unknown or unstable.



We then tested the sensor in the presence of GO, which brought all background fluorescence intensities of doxycycline to a similarly low level (close to pH 6 of the GO-free sample, see the black bars in Figure 3B). Interestingly, the increased fluorescence intensity after the addition of OTC5 was not affected by pH, all reaching a similarly high level (Figure 3B, red bars). Therefore, all the three pH values resulted in a similar five- to six-fold enhancement. The effect of GO on signal-to-background ratio is plotted in Figure 3C, where the red bars all have the same height, whereas the black bars dropped at a higher pH.



We then optimized the concentration of GO by testing it up to 40 μg/mL (Figure 4A). The fold of fluorescence enhancement increased with GO concentration. After reaching a peak value at 20 μg/mL GO, a further increase in GO concentration even dropped the enhancement. We reason that when the concentration of GO is too high, a great amount of free GO surface is available, and it can also adsorb the added aptamer and thus decrease the target binding efficiency of the aptamer. Therefore, for 200 nM doxycycline and 2 µM OTC5 aptamer, 20 μg/mL GO was an optimal concentration.



The effect of Mg2+ concentration was then examined up to 5 mM, and the optimal Mg2+ concentration was determined to be 2 mM (Figure 4B). When the Mg2+ concentration was too low, the aptamer cannot bind since we previously demonstrated that OTC5 required Mg2+ for binding [14]. In addition, we also demonstrated above that Mg2+ was required to adsorb doxycycline to GO. When the Mg2+ concentration was too high, it may push the aptamer/doxycycline complex to adsorb [27]. In the presence of 2 mM Mg2+, Na+ was tested at 0 and 100 mM. As shown in Figure 4C, Na+ had little effect. Therefore, Mg2+ was a key metal ion in this system.



All previous experiments were measured within 2 min of the addition of OTC5. Here, the reaction time after the addition of OTC5 was optimized. The kinetics after the addition of OTC5 was followed for a duration of 40 min, and the fluorescence intensity increased immediately but did not change significantly in the first 40 min (Figure 4D).



To understand the reaction kinetics more precisely, we then followed the reaction kinetics in a fluorometer. As shown in Figure 5A, the fluorescence of doxycycline was monitored for 3 min (no GO) and then OTC5 aptamer was added. An immediate fluorescence increase was observed due to the aptamer binding, indicating that aptamer binding was a fast reaction. In a separate experiment, we added GO to doxycycline and a fluorescence drop occurred in 1 min, indicating fast adsorption. At 5 min, 2 µM OTC5 aptamer was added, and the fluorescence of doxycycline immediately increased followed by a slow increase phase (Figure 5B). We reason that the initial rapid increase was mainly from the binding of the free doxycycline by the aptamer, whereas the subsequent slower phase was due to binding to the desorbed doxycycline. Since the fluorometer had a lower sensitivity than our microplate reader, we had to use a higher doxycycline concentration here.




3.5. Detection of Doxycycline


After optimization of the conditions, we then tested the performance of the sensor without and with GO. To measure sensitivity, doxycycline concentration varied from 0 to 2 μM. At pH 8, the fluorescence intensity of doxycycline was slightly increased upon adding 2 µM OTC5 aptamer (Figure 6A). We also plotted the difference in the fluorescence intensity after adding OTC5 (Figure 6B), which can be considered as the calibration curve of the sensor. A roughly linear increase was observed up to 1.5 µM doxycycline. Based on the 3σ/slope calculation, the limit of detection (LOD) was calculated to be 18.9 nM. In the presence of GO (Figure 6C), the background was suppressed at all the tested doxycycline concentrations and the difference was also larger (Figure 6D). The linear range reached 2.0 µM doxycycline. The slope of the curve in Figure 6D was 1.98-fold that in Figure 6C. The LOD of the sensor with GO was calculated to be 2.9 nM. Therefore, the sensor in the presence of GO was more sensitive and had a lower LOD.




3.6. Selectivity Test


To test the selectivity, this experiment was conducted for the adsorption experiments of oxytetracycline (OTC) and tetracycline (TC), which are also tetracycline antibiotics, and two other non-tetracycline antibiotics, chloramphenicol (CAP) and ampicillin (AMP), under the same conditions. In the absence of GO, OTC5 resulted in a significant increase in the fluorescence intensity of the OTC and TC sample solutions, while there was no significant change in the fluorescence intensity of the CAP and AMP sample solutions (Figure 7A). In the presence of GO, fluorescence quenching of the antibiotics by GO still occurred in the OTC and TC sample solutions, but the same fluorescence quenching was not found in the CAP and AMP sample solutions (Figure 7B).



It can be concluded that since OTC and TC are tetracycline antibiotics, they also bind to OTC5 and cause background fluorescence enhancement. This is consistent with our previous observations. The structure of CAP and AMP is very different from that of tetracycline antibiotics such as doxycycline, which itself has no fluorescence intensity and does not produce adsorption and binding phenomena with OTC5 and GO. Hence, no obvious phenomena occurred for CAP and AMP.




3.7. Further Discussion


For DNA aptamer and GO-based biosensors, most of the previous work focused on the adsorption of a fluorophore-labeled aptamer followed by target-induced aptamer desorption [16,21]. For such sensors, a covalently labeled aptamer is required and this increases the cost. In this work, by taking advantage of the intrinsic fluorescence of the target analyte, we first adsorbed the analyte and demonstrated that adding its aptamer can also desorb the analyte. This is a label-free sensor, and no extra dyes were added. This work showed that aptamer can also induce desorption of target analytes from GO.



Nanomaterials can help DNA-based sensors and devices in many different ways [28,29,30]. Research has been focused on the adsorption of aptamers. In a few studies, we noticed the importance of target adsorption, especially on gold nanoparticles [31] and metal oxides [32]. In those cases, the proposed sensing mechanisms could be changed by considering target adsorption. In this case, we intentionally used target adsorption to improve the sensor.





4. Conclusions


In this work, we studied the adsorption of doxycycline by GO from pH 6 to 8 in the presence of 2 mM Mg2+ and found that a higher adsorption was achieved at a higher pH. Using this observation, we were able to suppress the background fluorescence of doxycycline for its aptamer-based detection. Doxycycline’s fluorescence can be enhanced by the OTC5 aptamer, which is a unique way of detecting doxycycline and other tetracycline antibiotics. By adding GO, the signal-to-background ratio was independent of pH, whereas the signal-to-background ratio was much lower at a higher pH in the absence of GO. Most previous GO and aptamer-based biosensors adsorbed a fluorophore-labeled aptamer and relied on target binding to induce aptamer desorption [16,33]. In this case, we adsorbed the target molecule and relied on aptamer binding to generate the signal. This is a unique way of sensing taking advantage of the intrinsic fluorescence properties of the target.
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Figure 1. (A) The structure of doxycycline. (B) The secondary structure of the OTC5 aptamer. (C) The fluorescence intensity changes before and after the reaction of 200 nM doxycycline with 2 µM of the OTC5 aptamer at pH 6.0. (D) Scheme showing the previous sensor design, where enhanced doxycycline fluorescence was achieved upon aptamer binding. (E) Schematic diagram of the current sensor design, where doxycycline adsorption by GO results in quenched fluorescence, and subsequent binding to the OTC5 aptamer leads to enhanced fluorescence. 
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Figure 2. (A) A TEM micrograph of the GO used in this study. (B) The quenching of doxycycline background fluorescence by various concentrations of GO in the presence of 2 mM Mg2+ and 100 mM NaCl at pH of 6.0, 7.0 and 8.0. (C) The same plot as (B) but the initial fluorescence was normalized. The fluorescence intensity of doxycycline before and after adding 2 µM OTC5 aptamer (D) in the absence of GO and (E) in the presence of 20 µg/mL GO at pH 8.0. 
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Figure 3. Fluorescence intensity of 200 nM doxycycline before and after adding 2 µM OTC5 aptamer at different pH values (A) in the absence of GO and (B) in the presence of 20 µg/mL GO. (C) Effect of GO on the signal-to-background ratio of the sensor at different pH values. 
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Figure 4. (A) Effect of the concentrations of GO on the fold of fluorescence enhancement upon adding the aptamer. (B) Effect of different concentrations of Mg2+. The NaCl concentration in this experiment was 0. (C) Effect of the presence of Na+ on fluorescence intensity. The Mg2+ concentration in this experiment was 2 mM. (D) Effect of reaction time after adding OTC5. 
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Figure 5. (A) Kinetic trace of 2 μM doxycycline fluorescence for 3 min followed by the addition of 2 μM OTC5 in the absence of GO. The immediate fluorescence increase indicates a rapid binding reaction. (B) Kinetic curves of 2 μM doxycycline adsorption by 20 µg/mL GO. At 5 min, doxycycline desorption by 2 µM OTC5 from GO. The experiments were performed in 10 mM buffer with pH 8.0. 
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Figure 6. (A) Effect of OTC5 on a 0–2 μM concentration gradient of doxycycline in the absence of GO. (B) The difference in fluorescence intensity of the sample solution before and after the addition of OTC5. The R2 value of the fitting is 0.881. (C) Effect of OTC5 on a 0–2 μM concentration gradient of doxycycline in the presence of GO. (D) The difference in fluorescence intensity of the sample solution before and after the addition of OTC5. The R2 value of the fitting is 0.991. 
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Figure 7. (A) Adsorption of four antibiotics, OTC, TC, CAP, and AMP, in sample solution at a concentration of 0.5 μM with OTC5 aptamer in the absence of GO. (B) Effect of GO on the adsorption of four antibiotics, OTC, TC, CAP, and AMP, with OTC5 aptamer at a concentration of 0.5 μM in the sample solution. 
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