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Abstract

:

A molecular imprinting strategy was combined with mass-sensitive transducers to generate robust and reliable biomimetic sensor systems for the detection of bioparticles. The patterning of polymers with bioanalytes enabled us to detect Escherichia coli (E. coli) bacteria with quartz crystal microbalance (QCM). The QCM sensor results were compared with direct Atomic Force Microscopy (AFM) measurements—bacteria cells adhering to the sensor coatings were counted. The recognition sites generated by Bacillus subtilis (B. subtilis) spores could successfully and reversibly recognize the template analyte and ensured rapid sensing. Cross sensitive measurements clearly showed the advantage of the molecular imprinting strategy, by which spores of Bacillus species (subtilis and thuringiensis) could easily be differentiated and selectively detected. The growth of B. subtilis from its spores was observed at 42 °C in appropriate nutrient solution of glucose and ammonium sulfate over a period of 15 h. Moreover, the growth of B. subtilis bacteria from its respective spores was studied by increasing the glucose concentration until saturation effect of the sensor. The polymeric sensor coatings were patterned to fix the B. subtilis in order to investigate osmotic effects according to a frequency response of 400 Hz by altering the ionic strength of 0.1 M.
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1. Introduction


There is an urgent demand for the development of selective, sensitive and rapid bacteria sensors [1] in the fields of health care, environmental monitoring, food analysis, and security [2]. Illnesses caused by pathogenic bacteria are always a great public health problem [3]. These pathogenic bacteria will continue to cause outbreaks and deaths throughout the world [4]. The rod-shaped Escherichia coli bacteria [5,6] are found in the human gut. However, certain strains of Escherichia coli (E. coli) can cause severe food poisoning and Urinary Tract Infection (UTI). It is estimated that about 90% of UTI infections could be caused by E. coli [7]. Pathogenic strains of E. coli are some of the most hazardous bacteria, causing persistent infantile diarrhea and mortality among children, particularly in developing countries [8,9]. It can produce a Shiga-like toxin and cause life-threatening hemorrhagic colitis, renal failure and meningitis [10]. The most pathogenic strain of E. coli is the second leading cause of death in children of age less than 5 years, and causes 1.3 million deaths annually, worldwide [11]. Therefore, it remains a challenge to develop a rapid real time detection system for public health safety and biothreat prevention.



The Gram-positive, rod-shaped species of the Bacillus genus, such as Bacillus subtilis (B. subtilis), Bacillus thuringiensis (B. thuringiensis) [12], Bacillus cereus (B. cereus), and Bacillus anthracis (B. anthracis), produce endospores as part of their life cycle [13] in response to nutrient deprivation [14]. These ametabolic spores are produced from the vegetative mother cells in a series of differentiating processes. These spores can withstand radiation, heat, and other harsh conditions for a long period of time [15]. The spores will complete their life cycle by producing the vegetative cells via a process of germination under appropriate conditions [16]. The spores of pathogenic Bacillus species can cause different diseases such as anthrax [17] if the spores of B. anthracis are acquired by the host through skin, by inhalation, or by ingestion. B. anthracis is known as a biological weapon that was used throughout the 20th century, and is a potential bioterrorist tool due to its highly pathogenic nature [18]. Thus, it is classified as a class A bioterrorism agent [19]. Recent studies have shown that Bacillus species are genetically similar to each other.



Polymerase chain reactions (PCRs) that rely on the identification of specific gene sequence and nucleic acid-based detection may be sensitive, but extensive pretreatment steps are required. Thus, these techniques are not feasible for use in real-time analysis because they require well-trained personnel, significant time commitment, and several assay steps [20]. ELISA assays for Bacillus species rely on colorimetric or electric detection, which usually needs a second validation. Antibody-based biosensors may not be ideal for the detection of these pathogens because of their denaturation (loss of function) when exposed to harsh environmental conditions. Other technologies for spore detection available in the literature include chromatography [21,22], fluorescence [23], luminescence [24], mass spectrometry [25], Fourier transform infrared spectroscopy [26], and Raman spectroscopy [27,28,29]. Although these technologies are very accurate, they often lack sensitivity when compromised for portability. Thus, a simple and accurate detection of Bacillus spores is still an active area of research, especially in real-time samples. In this context, the aim of this study is to design a rapid detection system for quantitative assessment of pathogenic organisms in real time.



The design of highly sensitive and selective synthetic receptors is very important. Often, they are combined with different types of transducers, as well as with QCMs to develop a sensor system. We used the strategy of supramolecular chemistry, as well as molecular imprinting, to design receptors for various target analytes. However, we also used natural antibodies as receptors, and their results were compared with imprinting [30,31,32,33,34].



Thus, this paper introduces the application of biomimetic sensors in which stability and robustness of polymers are combined with recognition capabilities of biological systems. These so-called ‘smart materials’ are synthesized by applying a surface imprinting strategy. The molecular imprinted polymers (MIPs) [35] are combined with quartz crystal microbalances (QCMs) [36] to develop detection systems for both bacteria (E. coli) and spores (Bacillus). In this way, the growth of bacteria from its spores, the behavior of organisms under different nutrient solution and their reaction to environmental changes are investigated.




2. Materials and Methods


All the chemicals were purchased from Sigma-Aldrich and Fluka in the highest available purity and were used without further processing. Escherichia coli bacteria strain W and Bacillus subtilis spores were obtained from LGC Standards GmbH, Wesel Germany.



2.1. Surface Imprinting of Microorganisms


The bulk molecular imprinting technique is very efficient for patterning the layer to diagnose small molecules, while for introducing recognition properties in a polymer layer for larger molecules and biological species of sizes ranging up to few micrometers, surface imprinting is a most promising technique [37]. In this study, recognition layers for bacteria as well as spores are developed by using these cells as a stamp for surface imprinting. The assembling of cells/spores on glass, and their subsequent use of these stamps for the surface imprinting the polymer layer, will produce recognition sites for the analyte [38]. In this procedure, a layer of prepolymer (polyurethane) is spin coated on a transducer of uniform desired thickness. The polyurethane is prepared from 42.2 mg of 4,4′-diisocyanato diphenylmethane, 42.2 mg of poly 4-vinylphenol and 15.6 mg of phloroglucinol as cross linker, while using 100 µL of THF as solvent. The mixture is heated at 70 °C until gelation point. Then, the prepolymer is spin coated on dual electrode quartz plates at 2500 rpm. A stamp was prepared by depositing a thin film of bacteria or spores on 8 × 8 mm glass slides. Afterwards, a bacteria or spore stamp is pressed onto the prepolymer coating and subsequently clamped to emboss the stamp on the spin-coated prepolymer. Then, it is allowed to stand overnight to align the polymer chains according to the microorganism surface. The stamps are removed after complete polymerization, leaving behind a highly cross-linked polymer imprint, as shown schematically in Figure 1. These recognition sites are geometrically and chemically adapted to the analyte, thereby enabling the selective and reversible interaction of respective microorganisms.




2.2. Measurements


Mass-sensitive sensors were prepared by screen printing a desired electrode structure on commercially available AT-cut 10 MHz quartz plates (Great Microtama Electronics Indonesia) with a thickness of 168 µm and a diameter of 14.0 mm. These printed quartz discs are burnt at 400 °C for two hours after screen printing (Hanau, Degussa) and mounted on a measuring chamber. A dual electrode geometry (4.5 mm diameter) is printed on the same quartz plates in order to compensate for variations in temperature and viscosity via differential measurements. We always use two or three electrode systems for measurements. Therefore, temperature effects or non-selective adsorptions were compensated for through differential measurements. The main contributions to temperature dependencies are due to viscosity changes in water. In this way, the selective interactions of imprinted electrodes can be compared with the non-selective interactions of reference electrode towards target analyte. The resonance frequency of QCM will decrease proportionally to the mass load, according to the Sauerbrey equation [39]. The QCM-D works in the time domain, while the frequency domain can be evaluated by, e.g., Fourier transformation. Thus, the decay corresponds to the quality of quartz. The quality of the QCM can be investigated by using network analyzer measurements. The electrode pairs on the quartz were placed in the feedback loop of the self-made oscillator as a frequency-determining element. Any load on the oscillator output dampens and detunes the oscillator. As a countermeasure, a buffer amplifier is used to decouple the oscillator output from the following stage. These arrangements were used for each electrode pair. The resulting frequency of QCM was read out by frequency counter (Agilent 53131A) via a custom-made oscillating circuit and transferred to computer by LabVIEW software. The oscillating circuit is self-made and was fabricated in our laboratory. The frequency response of each electrode pair and its difference can be visualized on the computer.



The AFM measurements were carried out by using Veeco/digital instruments Nanoscope IIIa in contact mode, while the correction of images was done with AFM control software.





3. Results and Discussion


3.1. Sensor Characteristics—Comparison of QCM with AFM Measurements


The detection of E. coli bacteria was performed by using a QCM having fundamental frequency of 10 MHz. The measurement was carried out in a flow cell. The mass-sensitive transducer was a dual channel crystal in which one electrode was coated with bacteria imprinted highly cross-linked polyurethane, whereas, the other electrode was coated with non-imprinted polymer. The second channel on the quartz disc serves as a reference channel which compensates for non-selective responses. During these measurements, the reversibility of cell adhesion and dissociation was analyzed, while the time constants for these processes were in the range of few minutes. The sensor responses for different concentrations of E. coli bacteria are shown in Figure 2. The sensor responses are based on differential measurements.



In Figure 2, the QCM sensor responses (♦) are compared with AFM measurements (ɪ) by counting the adhered cells. The inaccuracy in the counting procedure was mostly caused by the washing process. The measurements were conducted in triplicate. The picture depicts a linear relationship between a change in quartz resonant frequency with respect to changes in concentrations of E. coli. This linear relationship clearly shows that interaction sites on the quartz surface are not totally occupied by the bio-analytes; otherwise, a saturation effect would be observed to flatten off the isotherm of adsorption at higher concentrations. This problem was discussed in our previous paper [39], where cell adhesion to the surface was studied. Optimized printing yields receptor sites for cells which approximately follow the Sauerbrey equation for their re-inclusion. A further hint gives a rough accordance between the two dependencies in Figure 2. The frequency of QCM is directly related to the mass adhered to the surface. Coating and assembled particles are properly anchored to the surface leading to frequency diminishing. This is why these sensor responses can be directly compared with AFM measurements.



In AFM measurements, the mass-sensitive surface must be conditioned in order to compare with the QCM responses. At first, the templated QCM sensor layer is exposed to water for equilibration and subsequently to a distinct concentration (6.3 × 107 cells/mL) of bacteria. The interaction sites incorporate bio-analytes and an equilibrium is established in almost ten minutes. Afterwards, non-selectively attached bacteria are removed by washing with water for one second. Then, solvent water is evaporated in order to count the bacteria by using contact mode of AFM as shown in Figure 3.



These adhered E. coli strain W bacteria can be seen in this picture. There should be a monolayer adherence of bacteria with sensor layer which can be achieved by optimizing the volume and concentration of bacteria solution. Otherwise, the first layer could not unambiguously be detected since overlying cells which will cover the first layer. The multilayer adsorption of bacteria is avoided by optimizing volume and concentration of bacteria solutions. The AFM and QCM data can be related by the density and geometry of bacteria which have density nearly to 1.1 g/mL [40]. A mass of 1 µg will give a frequency response of 610 Hz, which was calibrated with polyvinylchloride coatings. Thus, a AFM counting procedure and frequency measurements with QCMs can directly be correlated with each other. Quadratic areas on the QCM were analyzed by AFM with respect to adhered bacteria. Quadratic areas of 50 µm*50 µm were considered at highest concentration in Figure 2. An average number of 83 bacteria were detected on these restricted surfaces with a mean length of 2.25 µm for Escherichia coli. Then the mass can be calculated for this rod like bacteria with an approximate diameter of 1 µm [5]. The dimensions of the areas were enhanced at lower concentrations to improve an accuracy in bacteria number. The satisfying accordance of these different measuring principles can be seen in in Figure 2.



A diminishing frequency response (Sauerbrey behavior) of mass-sensitive sensor clearly shows a rigid solid nature of sensitive layer and adhered bio-analytes. This observation shows that bacteria are tightly bound to the recognition sites which are generated by templating the polyurethane layer. Whereas, the bacteria which are not tightly incorporated by pre-organized cavities will not contribute significantly in lowering resonance frequency of mass-sensitive sensor. Thus, a short washing step of sensor coating (with adhered bacteria) allows us to differentiate between the analytes that are bound to the cavities than those that are loosely bound.




3.2. Detection of Spores


Pathogenic species of Bacillus bacteria is a great threat to mankind. Bacillus species will produce highly robust endospores that can withstand harsh conditions such as insufficient nutrition. The spores of Bacillus anthracis are important because of their high potential threat in bio-terrorism. The spores of B. subtilis and B. thuringiensis are used as model systems in order to develop a sensor platform for anthrax spore detection. The spores can directly be used for stamping highly cross linked prepolymerized polyurethane.



A sensor for spores of B. subtilis is developed by using dual channel QCMs of fundamental frequency of 10 MHz by the procedure mentioned in experimental section. An appreciable sensor response is obtained by imprinted channel when it selectively recognizes the templated analyte in comparison to non-imprinted material as shown in Figure 4. The measurement shows that imprinting of Bacillus spores is successful and recognition sites reversibly bound to the analyte which ensures the guarantee for rapid sensing of bioanalytes.



Cross sensitivities of different recognition layers against spores of B. thuringiensis and subtilis are represented in Figure 5. These results are obtained by comparing the sensor responses of two different QCM sensors whose sensitive layers are templated with spores of B. thuringiensis and subtilis, respectively. The fabricated sensors show substantial frequency responses towards their templated analytes, with minor cross effects being observed. This cross sensitive behavior does not significantly depend on the differences in size and shape of spores, since they have similar dimensions in the range of 3–4 µm. The selective frequency responses observed are mainly due to surface properties of bio-particles. These surface characteristics of spores are exploited during imprinting process to achieve very strong and selective interactions between receptor sites and bio-particles. This kind of selective behavior clearly shows the success of the pattern imprinted on the recognition layer, which can only be realized by a suitable polymer, and the degree to which it forms all types of interactions with the template [41].




3.3. Biotechnology—Monitoring Bacterial Growth in Nutrient Solutions by QCM Sensors


Bacteria will grow from their respective spores in the presence of a nutrient solution. A nutrient solution containing important ingredients, e.g., glucose, hydrolyzed proteins, ammonium sulfates, phosphates, and other inorganic salts were provided to spores of Bacillus subtilis. The spores transformed to B. subtilis bacteria after an incubation period of approximately 6 h. The growth of B. subtilis from its spores can be monitored by coating a recognition layer on QCM transducer, which should be selective and sensitive to the targeted analyte. Again, a dual channel 10 MHz QCM sensor was developed for monitoring the growth of bacteria subtilis. One electrode of the dual channel QCM is covered with a bacteria subtilis-imprinted layer, whereas the second, non-imprinted electrode serves as a reference electrode to compensate for interferences caused by unselective ingredients of the nutrient solution and temperature fluctuations. The measurement shows a gravimetric sensor response of the QCM sensor when adding spores in a nutrient solution of 2–10% glucose at a temperature of 42 °C at 7.2 pH. The recognition layer is designed to selectively incorporate the templated analyte B. subtilis bacteria. Measurements are conducted in order to study the bacteria growth with increasing amounts of glucose in the nutrient solution. The results show the dependence of bacteria transformation from their respective spores on glucose concentration. The decrease in frequency of the mass-sensitive sensor is attributed to the transformation of spores into bacteria, which are recognized by templated layer. The growth of bacteria is continuously monitored for several hours in real time, and the results are simultaneously confirmed by repeated bacterial counts. In agreement with the observed effects, the frequency of the mass-sensitive sensor decreases to approximately 1200 Hz in 15 h, with an increase in glucose concentration as shown in Figure 6. It will be stopped only by a deficiency of nutrients. In this case, the cells are transformed to spores again. An increase in glucose concentration to 10% leads to a saturation effect in sensor response. The interaction level of the QCM sensor can be estimated by taking into account the sensitive area of templated layer on the QCM, and the mass and size of subtilis bacteria.



A frequency shift of approximately 0.6 Hz of a 10 MHz quartz crystal microbalance is roughly equal to 1 ng mass load. The bacterium subtilis has about a rod-like shape with a diameter of 1 µm and a length of 2.5 µm, as determined by AFM. This rod occupies almost 3 µm2 on the imprinted electrode surface, if closely packed. An electrode with 4.5 mm diameter can achieve 5.3 × 106 interaction sites for the bacterium subtilis. The mass of the bacterium subtilis can be estimated in an analogous way as for E. coli. Again, the density of the bacterium is taken to be 1.1 g/cm3. Thus, the bacterium subtilis has a weight of 2.15 × 10−6 µg. The maximum overall mass of all adhered bacteria can be calculated to be equal to 11.4 µg. This mass loading would lead to a frequency shift of 6800 Hz. This exceeds the response in Figure 6 by more than a factor of 5. Regardless of the rather complex mixture of various interfering compounds, the growth of bacteria from their spores can easily be monitored by the developed sensor.



The diameter of the gold electrode of QCM is 4-5 mm, which corresponds to an area of roughly 1.3 × 107 µm2. Thus, an ideal imprinted surface contains around 4 × 106 interaction sites. A frequency shift of 1200 Hz corresponds to 12 × 108 subtilis bacteria, which can easily be accommodated in the templated sites. Regardless of the rather complex mixture of various interfering compounds, the growth of bacteria from their spores can easily be monitored by the developed sensor.



Molecular imprinting technology helps to design materials for the detection of either chemical or biological substances for sensing purposes. These recognition materials are able to bind the analyte in a selective and reversible manner, with limited binding constants. The characteristics of the MIP can be tuned in such a way to bind the analyte very strongly by the recognition layer and hence to prevent its release from the templated cavities. This can be achieved by a higher sensor layer in which bacteria are fixed in deeper holes. Enhanced enthalpic interactions between bacteria and sensor layer will lead to a drastically reduced dissociation rate. In such a sensor system, the subtilis bacteria are stuck almost irreversibly in the templated polymer and thus will remain immobilized on the surface. The QCM transducers coated with such an imprinted layer are highly suitable for monitoring processes taking place directly in the biospecies, as shown in Figure 7. The QCM sensor on which the bacteria subtilis are tightly bound to the surface are exposed to water and electrolyte solution. This process will not increase the number of bacteria subtilis, as water does not contain any nutrients for their growth, but it will change the water content inside the biospecies due to osmosis. This living sensor is exposed to water for almost 8 h, and subsequently, a solution of sodium chloride is added in the same flow cell. This measurement is carried out to study the dehydration of biospecies, the moment they expose to salt solution. The frequency of the QCM sensor starts rising immediately after the addition of salt solution, which indicates the decrease in mass. The frequency of the sensor steadily increases for about 7 h to 400 Hz. After 15 h, the sensor system is flushed with water in order to reverse the effect. From this measurement, we can say that the behavior of living organisms under different environmental conditions can be studied by using these sensing platforms.



The conditions for the validity of the Sauerbrey equation have already been established. Fluctuations of the coating in a distinct time range will lead to energy absorption, even to an Anti-Sauerbrey behavior. The phenomenon has already been explained in detail in literature. An anti-Sauerbrey effect would be observed if imprinted sites are not perfectly fit for the template. This effect was proved by using network analyzer measurements. Thus, it can be concluded that the effects described in this paper can be interpreted as nearly Sauerbrey behavior. A further hint is given in the rough accordance between the two dependencies, as shown in Figure 2.



The effect in Figure 7 is an osmotic phenomenon, since ionic strength was enhanced, whereas the loss of water is a mass effect.





4. Conclusions


Biomimetic imprinting strategies lead to the generation of more robust and stable receptors with the recognition capabilities of biological systems. Their combination with sensor devices, especially mass-sensitive transducers, allows the selective detection of bioanalytes such as bacteria and their respective spores. Further improvements are possible with SAW devices [42]. The surface imprinted polyurethane coatings are applied to quartz crystal microbalances to directly detect the bioanalytes, as well as to observe changes in environmental effects. Spores of Bacillus subtilis were chosen as a model organism to develop a sensor system for Bacillus anthracis spores, which cause the dangerous disease ‘anthrax’. Careful patterning of polymer sensor coatings results in the differentiation of the spores of Bacillus species i.e., subtilis and thuringiensis. The selective detection of microorganisms is carried out in a complex nutrient solution of glucose and ammonium sulfate. Growth of Bacillus subtilis from its spores was analyzed over a period of 15 h, where the method was proved to be highly suitable for application in on-line monitoring systems. These biomimetic imprinted sensors can also help us to understand the behavior of microorganisms under different environmental conditions.
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Figure 1. A QCM coated with a pre-polymer followed by surface patterning with a stamp possessing adhered cells. 
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Figure 2. 10 MHz QCM frequency response of Escherichia coli bacteria as a function of cell concentrations (♦), compared to AFM-measurements (ɪ) by counting adhered cells. 
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Figure 3. AFM measurements (contact mode) of E. coli strain W assembled on sensor layers. 
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Figure 4. Mass-sensitive sensor responses to bacteria subtilis spores to imprinted and non-imprinted dual electrodes as a function of time. 
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Figure 5. Cross sensitivities of B. subtilis and B. thuringiensis spores imprinted sensors. 






Figure 5. Cross sensitivities of B. subtilis and B. thuringiensis spores imprinted sensors.



[image: Chemosensors 08 00064 g005]







[image: Chemosensors 08 00064 g006 550] 





Figure 6. Monitoring the growth of B. subtilis from its spores in nutrient solution as a function of glucose concentration. 
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Figure 7. Bacillus subtilis adhered tightly to polyurethane coating exhibits osmotic effects on electrolyte addition. 
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