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Abstract

:

Featured Application


With the presented microfluidic LoC-SERS device, it is possible to detect simultaneously the prodrug pyrazinamide (PZA) and its metabolite pyrazinoic acid (POA). Thus, our proposed detection scheme could be used for an indirect detection of PZA resistance in Mycobacteria tuberculosis culture supernatants.




Abstract


The prodrug pyrazinamide (PZA) is metabolized by the mycobacteria to pyrazinoic acid (POA), which is expelled into the extracellular environment. PZA resistance is highly associated to a lack of POA efflux. Thus, by detecting a reduction of the concentration of POA in the extracellular environment, by means of lab-on-a-chip (LoC)-SERS (surface-enhanced Raman spectroscopy), an alternative approach for the discrimination of PZA resistant mycobacteria is introduced. A droplet-based microfluidic SERS device has been employed to illustrate the potential of the LoC-SERS method for the discrimination of PZA resistant mycobacteria. The two analytes were detected discretely in aqueous solution with a limit of detection of 27 µm for PZA and 21 µm for POA. The simultaneous detection of PZA and POA in aqueous mixtures could be realized within a concentration range from 20 μm to 50 μm for PZA and from 50 μm to 80 μm for POA.
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1. Introduction


Tuberculosis (TB) is a disease affecting 10.0 million people globally each year [1], with drug resistance becoming a growing threat. TB remains one of the major causes of disease and death worldwide, exacerbated by HIV-TB co-infection [2] and the emergence of multidrug-resistant (MDR) and extensively drug resistant (XDR) TB strains in both industrialized and developing countries [2,3]. TB is a curable disease; however, the mortality rate associated with this medical condition has considerably increased during the last years. The newly emerging MDR mycobacteria strains lead to a doubling of the MDR TB cases that are hard to treat. The early and correct identification of the drug susceptibility of the TB strain affecting a patient is crucial for a positive anti-tuberculous treatment outcome.



Drug susceptibility testing for Mycobacterium tuberculosis (MTB) can be performed with various assays, such as the radiometric BACTEC 460TB method [4,5], the automated non-radiometric mycobacteria growth indicator tube (MGIT) 960 system [6,7,8] and the microtiter-based alamar blue assay [9,10], among others. Phenotypic assays based on cell cultures in Löwenstein–Jensen dry medium are still considered to be the gold standard [11,12]. Nevertheless, mycobacteria present a slow growth under dry conditions and the time for the result of the later assay can take up to three weeks for detection and an additional two to three weeks for drug susceptibility testing. Furthermore, although in high income countries the available financial resources assure the access for the patients to optimal diagnosis and individualized treatment schemes, in low resource regions, MDR-TB and XDR-TB cases with medical care requirements extending up to two years are hard to assess and treat. In the search for cost and time effective assays, the microscopic observation drug susceptibility (MODS) testing was introduced more than 15 years ago [13,14]. Even though the MODS testing requires highly trained personnel, the necessary laboratory infrastructure is reduced to a centrifuge, an incubator and an inverted microscope. Furthermore, bacteria are cultured in sealed containers under liquid conditions assuring optimal growth conditions and providing information on drug susceptibility in less than two weeks [15].



The most common first line agents administered for drug-susceptible TB are rifampicin, isoniazid, ethambutol and pyrazinamide (PZA) [16]. PZA is the only drug with different activity in vivo and in vitro [17]. Its importance is based on its in vivo sterilizing effect that permits killing of persistent bacilli [18]. PZA is frequently used in both first- and second-line treatment regimens [19,20,21]. The incorporation of PZA into TB treatment regimens in the 1960s enabled the duration of first-line treatment to be reduced from nine to 12 months down to six months [22]. Among the drugs rifampicin, isoniazid, ethambutol and PZA, PZA susceptibility testing is the most challenging and it is not routinely performed [23,24,25]. The compound itself is not active against mycobacteria. It is administered as a pro-drug and its metabolite, pyrazinoic acid (POA), kills semi-dormant MTB in the acidic regions of acute inflammation that are inaccessible to other anti-TB drugs [22,24,26].



The conversion of the pro-drug to the metabolite is realized by the bacterial enzyme nicotinamidase/pyrazinamidase. The known major mechanism of PZA resistance is associated with a mutation of the pyrazinamidase enzyme resulting in no or a very low conversion rate to POA. Therefore, an indirect way of assessing PZA resistance is to determine the presence of POA in the extracellular environment of an in vitro liquid culture in the presence of PZA, such as the MODS-Wayne assay [27]. Colorimetric methods based on the reaction between ammonium iron sulfate and POA have been employed in order to assess the presence of the metabolite in the culture and to confirm the enzyme activity [27,28]. Although the colorimetric method is straight forward, it offers only pure qualitative information. On the other side, chromatography based methods have been also used for quantifying PZA and POA in biological fluids [29,30,31]. Nevertheless, for routine high throughput analysis chromatographic methods are unpractical and cost intensive.



As an alternative analytical tool Raman spectroscopy-based methods are very promising approaches. Raman spectroscopy is suitable for the fingerprint specific detection of low molecular weight substances, such as PZA and POA. It provides a specific and unique spectroscopic pattern. Combining Raman spectroscopy with plasmonic nanoparticles (NPs) the surface-enhanced Raman spectroscopy (SERS) enables us to detect very low concentrations of target analytes. Thus, SERS is well known to offer sensitive and specific information on the molecular level [32,33]. With the advent of miniaturized, low cost Raman setups and the development of in situ synthesis protocols, SERS is considered to have a high potential for clinical applications [34,35]. The combination of SERS with microfluidics offers an attractive method (lab-on-a-chip SERS, LoC-SERS). The application of a microfluidic flow-through device allows for a high throughput measurement protocol employing small sample volumes. Thus, a large data set can be achieved in a short time frame. Furthermore, the microfluidic environment ensures a very stable and easy to reproduce measurement conditions.



The majority of the antecedent investigation of PZA and its metabolite POA applying Raman spectroscopy focused on the vibrational assignment of the theoretical determined spectral positions of the Raman bands of these two molecules [36,37,38]. However, only few efforts were made so far to investigate PZA or POA by means of SERS [39,40,41].



Within this study, we aim for the molecular specific and sensitive detection of the target molecules PZA and POA employing SERS as an analytical tool. To the best of our knowledge, this is the first study focusing on the simultaneous determination of PZA and its metabolite POA within a droplet-based lab-on-a-chip SERS (LoC-SERS) platform using in situ synthesized silver NPs. Thus, in this proof of principle study the detection and discrimination of the two molecules in one approach is addressed and the potential of the ratiometric detection scheme is evaluated for the determination of PZA resistance in MTB isolates.




2. Materials and Methods


2.1. Materials and Samples


Pyrazinamide (PZA, 97.5%), pyrazinoic acid (POA, 99%), AgNO3 (99.9999% trace metals basis), hydroxylamine hydrochloride (99.999% trace metals basis), hydrazine monohydrate (64–65%, reagent grade, 98%), sodium citrate (ACS reagent, ≥99.0%) and chile salpeter (NaNO3, ≥99.0%) were purchased from Sigma Aldrich, Darmstadt, Germany and used as received. Ammonia solution (32%) and sodium hydroxide (≥98%, Ph.Eur.) were purchased from Carl Roth, Karlsruhe, Germany and used as received. Stock solutions at a given concentration were prepared by adding the appropriate amount of powder to high purity water in the case of PZA, POA and sodium citrate.




2.2. Microfluidic Flow Cell


An all-glass microfluidic device, in house designed for SERS measurements [42], was used for the LoC-SERS experiments. It combines multi-fluid injectors (Ismagilow injector) [43] and meandering mixing channels, segment flow creation and dosing nozzles [44] and a long measuring channel loop to record the SERS spectra. To permit for a variety of photonic applications in analytics the optical transparent microchannels are prepared employing the technology of wet etching and anodic bonding of two glass substrates using a bond-support layer. To realize the different etching depths within one single substrate a two-step etching process was applied. Subsequently, the microchannels were prepared with channel dimensions of 560 µm2 × 260 µm2. The so called ideal minimum compartment volume (IMCV) [45] was defined to be 55 nL for the SERS measurements of aqueous/tetradecane two-phase flows. The meandering channels have a radius of 500 µm. Each loop of the measurement channel has a length of 10.900 µm. The surface of the microchannels is functionalized with octadecyltrichlorosilane (ODTS) in order to achieve optimum wettability for the continuous phase and minimum wettability for the aqueous droplets. For the surface modification the bond-support layer has been removed from microchannels by a treatment with 5 mol/L NaOH in water at 80 °C for 5 min. Subsequently, the channels were washed with 1 mol/L NaOH and water. The activation of the channel surface was realized by a treatment with piranha solution followed by a drying step at 120 °C. The final surface functionalization was achieved by treatment with a solution of 5 mmol/L octadecyltrichlorosilane in anhydrous tetradecane at 60 °C for 4 h.




2.3. Batch Synthesis of the Nanoparticles—h-AgNPs


For the spectral characterization of PZA and POA in cuvette measurements, batch-synthesized AgNPs were used. Hydroxylamine hydrochloride reduced silver nanoparticles h-AgNPs were synthesized following the Leopold–Lendl protocol [46]. Briefly, a volume of 10 mL solution containing 0.1 mmol silver nitrate was added to 90 mL solution containing 0.3 mmol sodium hydroxide and 1.5 mmol hydroxylamine hydrochloride under rigorous steering. A yellow colloidal solution containing silver nanoparticles, stable over few weeks, was obtained.




2.4. In Situ Synthesized Nanoparticles—y-AgNPs


In order to achieve controllable and reproducible synthesis conditions, the strategy already described by Dugandžić et al. [47] was employed within this study. A segmented flow microfluidic chip illustrated in Figure S1 in the Supplementary Information (SI) was used for both nanoparticle synthesis and SERS measurements in the same time. An aqueous mixture containing AgNO3 (3 mM) and NH3 (15 mM) was injected with a flow rate of 20 nL/s via port 2, 10 µM concentrated sodium citrate solution was provided through port 3 with 5 nL/s flow velocity, while 1.5 mM N2H4 (reducing agent) was pumped in via port 4 with a flow rate of 20 nL/s. The in situ silver nanoparticle y-AgNPs are generated in the main channel of the microfluidic chip. Before and after each measurement series, the droplet generator, including port 1, 2 and 3, was flushed with the citrate solution (10−5 M) with a flowrate of 500 nL/s to avoid blocking of the channels.




2.5. Instrumentation and Measurements


Raman and SERS spectra were recorded with a fiber coupled commercial Raman setup from WITec GmbH, Ulm, Germany. For excitation, a diode laser (Fandango, Cobolt, Kassel, Germany) with an emission wavelength at 514 nm was used. The same objective (20×, 0.4 N.A., Zeiss, Jena, Germany) was applied to focus the laser beam on the surface of the sample and to collect the backscattered photons. For recording the reference Raman spectrum of PZA 20 mW and for POA 5 mW laser power was incident on the sample, respectively. For all SERS measurements, 40 mW laser power was applied. For detection, a thermoelectrically cooled CCD (1024 × 127) camera and a 600 l/mm grating with a spectral resolution of ~5 cm−1 were used.



For Raman measurements on powder, a small amount of the sample was placed on a conventional microscope glass slide. Spectra were acquired with a 1 s integration time and 10 accumulations. SERS spectra in cuvettes (BRAND® 96-well PCR plate from Sigma Aldrich, Darmstadt, Germany) were measured after mixing equal amounts of colloidal h-AgNPs (100 µL) with the sample solution (100 µL) and adding additional high purity water or an aggregation agent (20 µL). For aggregation NaNO3 was used at the concentration of 0.5 M. Each spectrum is the result of 10 accumulations of spectra recorded with an integration time of 1 s.



LoC-SERS measurements were carried out by mounting a droplet based microfluidic chip (Figure S1) on the microscope table of the Raman setup. For injecting the solutions into the chip a computer controlled neMESYS pump system from Cetoni GmbH, Gera, Germany was employed and glass syringes purchased from ILS GmbH, Stützerbach, Germany with 250, 500 and 2500 µL volumes were used. The syringes were connected to the chip with teflon capillaries (inner diameter of 0.5 mm; Wicom GmbH, Heppenheim, Germany). If not otherwise stated, the flow rates were set as follows: 20 nL/s for mineral oil, AgNO3/NH3 and N2H4, each. For the sodium citrate solution: 5 nL/s; and 40 nL/s in total for the two ports providing the sample and the aggregation agent (NaNO3). The controlled aggregation of metallic nanoparticles during the SERS analysis is beneficial to create hot spots. Due to the very well-controlled environment generated in the microfluidic chip the application of agglomeration agents can be very helpful to achieve high signal intensity in the SERS spectra. The spectra were continuously recorded during the dynamic flow with a 0.5 s integration time. The number of spectra for each measurement, if not otherwise stated, was 1200.




2.6. Data Analysis


The recorded Raman and SERS spectra were pre-processed and analyzed with in-house written algorithms (GnuR) [48]. The reference Raman and SERS spectra were background corrected with the selective nonlinear iterative peak clipping (SNIP) method [49] and cut to the 200–1650 cm−1 fingerprint region and 2800–3300 cm−1 CH stretching region. Due to the motion of the sample containing droplets no thermal (burning) effects were observed.



The spectra recorded with the LoC-SERS device were separated into two groups by k-means cluster analysis. One group contains the mineral oil spectra, the other one contains the pure droplet SERS spectra. This was followed by a wavenumber calibration, where mineral oil was used as a standard [50]. Afterward, stacks of three spectra recorded within one droplet were averaged, background corrected (SNIP, 45 iterations) and cut to the wavenumber region of interest.





3. Results


3.1. PZA and POA: Spectral Characterization


Raman spectroscopy is known to provide highly specific signals and to allow the discrimination of molecules based on the achieved information in the vibrational spectra. POA is the active metabolite of PZA, its absence or presence in a very low amount in in vitro MT cell cultures after the administration of PZA might indicate PZA resistance of the bacteria culture. Therefore, it is essential to implement an analytical method for the analysis and accurate detection of POA alone or POA/PZA mixtures and discriminate this from samples containing just the prodrug PZA. The two targeted substances are structurally very similar molecules (Figure 1). Both share a pyrazine ring, whereas PZA has an amide moiety and POA a carboxylic acid group. This is why, the reference Raman spectra measured on the pure powder (Figure 1a,b; gray spectra at the bottom) show besides some common bands also several modes specific for each molecule. The detailed assignment of the Raman bands has been already reported in the literature [37,38,40,41]. The marker bands for the pyrazine ring are the doublet present in the spectrum of both molecules at 1021 and 1055 cm−1 corresponding to the in-plane bending of the pyrazine ring and the CN stretching mode of the same ring at 1528 cm−1. In the high wavenumber range the mode of the CH stretching vibrations arises at 3066 cm−1. Specific marker bands for PZA are the band at 1080 cm−1 (rocking of the NH2 group) and the band at 1440 cm−1 (bending of the NH2 group). The significant marker band for POA is located around 1710 cm−1, ascribed to the C=O stretching of the carboxylic moiety.



Although Raman spectroscopy provides a very high specificity, the sensitivity that is required for the discrimination of PZA susceptible and PZA resistant MTB can only be achieved by enhancing the Raman signal. However, exploiting the plasmon-based surface enhancement effect, the presence of plasmonic NPs can significantly change the spectral profile of the SERS spectra as compared to the Raman spectra. This is associated with surface dependency effects, e.g., orientation to the surface (surface selection rules), gradient field effect and charge-transfer events, which results in variations of the spectral position and/or intensity of certain peaks [51,52]. In the SERS spectrum of PZA and POA (aqueous solution, concentration 10−3 M, h-AgNP) measured with hydroxyl amine hydrochloride reduced batch silver nanoparticles h-AgNPs ((Figure 1a,b) top panel) the three Raman modes characteristic for the fundamental vibrations of the pyrazine ring (1021 cm−1, 1055 cm−1 and 1528 cm−1) are still clearly visible and unaffected by the proximity of the silver surface.



For PZA, a new band caused by the symmetric stretching of the amide group of the pyrazine ring appears in the SERS spectra at 1218 cm−1 [53]. Furthermore, the signal centered at 718 cm−1 in the SERS spectra is assigned to the OCN bending vibration. Considering the observed changes in the SERS-spectra as compared to the Raman spectra and the surface selection rules it is possible to assume the orientation of the PZA molecules relative to the surface. Most likely the interaction takes place through the nitrogen atom, resulting in the upright position of the aromatic ring structure relative to the metal surface. Therefore, the symmetric stretching of the amide group of the pyrazine ring appears in the SERS spectra at 1218 cm−1. This observation is in accordance with an investigation of pyridine derivates providing similar molecular structure [52].



For POA the band appearing at 1410 cm−1 in the SERS spectra is caused by the vibration of the carboxylate group [41]. Furthermore, dominant modes in the SERS spectra of POA are appearing at 731 cm−1 (OCO out-of-plan bending) and 852 cm−1 (ring breathing). For a detailed band assignment, the reader is referred to Table S1 (Supplementary Information). Due to the observed changes in the SERS spectra as compared to the Raman spectra it is suggested that the POA molecules are interacting with the metal surface through the nitrogen of the pyrazine ring. In the POA SERS spectra the OCO vibration mode and the ring breathing mode are more enhanced pointing to an upright orientation of the pyrazine ring relative to the metal surface.



The discussed spectral differences allow for the discrimination of the two structurally similar molecules based on their SERS spectra in a complex matrix.




3.2. Optimization of the SERS Measurement Conditions


Using metallic nanoparticles in an aqueous solution for the SERS measurements, issues associated with batch-to-batch compatibility and aging effects are well known. Thus, to prevent the mentioned obstacles an in situ approach for the AgNP production is suitable. For this propose, the microfluidic platform, established by März et al. [42], provides the required preparation conditions. A constant volume flow allows for very precise mixing ratios. This is combined with the possibility to mix and add substances separately, ensuring for perfect mixing conditions. Furthermore, the long measuring unit enables variation of the reaction time in order to optimize the signal intensity. For the in situ production of AgNPs in a microfluidic chip device, the Lee–Meisel protocol [54] is not suitable because of the synthesis requirements of boiling under reflux conditions for over one hour. The Leopold–Lendl protocol [46] instead can be realized under room temperature conditions and on a time scale shorter than one minute [55]. However, the required sodium hydroxide would react with the hydrophobic silane layer on the glass surface of the microfluidic chip and at the same time inhibit the successful creation of droplets as well as the nanoparticles. As an alternative method, hydrazine can be used as reduction agent in the presence of a low amount of citrate to synthesize y-AgNPs in the applied microfluidic chip device [47].



When large batch protocols are transferred to microfluidic platforms new degrees of freedom, such as flow rates or time elapsed from substance mixing to measurement, arise. Thus, the production protocol needs to be adapted in order to control the order of addition and the concentration of the reagents in the mixture. As POA is the main targeted analyte, the influence of the flow rates and the addition of citrate as a stabilizing agent were investigated in order to establish the ideal measurement conditions. Generally, a proper and reproducible mixing of reagents during in situ colloid synthesis is essential to achieve reliable SERS results. In order to synthesize the hydrazine reduced silver NPs in the microfluidic chip three initial reagents are needed: An aqueous solution containing 3 mM AgNO3 and 15 mM NH3 (flowrate: 5–30 nL/s), an aqueous solution of 1.5 mM N2H4 (flowrate: 5–30 nL/s) and an aqueous solution of the stabilizing agent sodium citrate with the concentration of 10−5 M (flowrate: 5 nL/s) are inserted to the chip at the droplet generator unit. For the experiment the flowrate of mineral oil (separation media) was varied between 5 and 30 nL/s, while the flowrates of POA and the aggregation agent (0.5 M Na2SO4) were kept constant at 10 nL/s each. The mean of the measured spectra for the varying flowrates are depicted in Figure 2.



It was found, that the optimized environment for a good signal to noise ratio and high intensity of the SERS spectra is achieved when citrate was added (5 nL/s) and the flowrates of mineral oil, AgNO3/NH3 solution and N2H4 was set to 30 nL/s. This might be attributed to better mixing conditions of the reagents due to the increased flow velocity. In a next step, after the reduction of silver nitrate was completed, the analyte was injected into the droplet through the dosing unit and pure SERS spectra of the analyte molecules were recorded with a very good signal-to-noise ratio. In general, a triple determination is required to achieve a reliable date set. Subsequently, three spectra were measured in every droplet (integration time 0.5 s) and the average spectrum was estimated.




3.3. Quantitative Detection of PZA and POA Applying the LoC-SERS Device


The presence of PZA resistant MTB in patient samples can be deduced from the absence of POA in the in vitro cell cultures. The amount of PZA added to these assays is not standardized. For example, in a quantitative Wayne assay PZA concentrations were set to 400 µg/mL (3.2 mM) and 800 µg/mL (6.4 mM) [56], whereas in another test 100 µg/mL (0.8 mM) PZA was used as a critical concentration. In order to determine whether the bacterial culture is susceptible or resistant to PZA using SERS as analytical tool, the limit of detection (LOD) of the prodrug and its metabolite needed to be identified in a first step. Thus, both analytes were dissolved in high purity water. For each analyte a stock solution of 0.1 mM was achieved and diluted to lower concentrations ranging from 100 µM to 2 µM. A flow profile was applied to vary the in-chip concentration during the measurements in the microfluidic device (detailed flow rates are given in the instrumentation and measurement section and SI). The background signal of the in situ synthesized colloids (y-AgNPs) shows some weak bands that can be ascribed to the sodium citrate used as stabilization agent (Figure 3 and Figure 4: background spectra depicted in gray). The LOD was determined employing the three times standard deviation value of the background signal as a threshold (3σ). For both analytes the SERS signal vs. concentration yields a sigmoidal curve, which is well known to be characteristic for the SERS technique due to saturation at high concentrations. The calculated limit of detection for PZA is 27 µM, while for POA 21 µM (see Figure S2 in the SI for more details).




3.4. Simultaneous Detection of PZA and POA in Aqueous Solution


To prove the high potential of the LoC-SERS device for providing reliable data for the PZA resistance discrimination, first PZA and POA were detected simultaneous in an aqueous solution. In the supernatant of the PZA treated mycobacteria only PZA might be found in the case of PZA resistance. However, if the bacteria are PZA susceptible a mixture of PZA and POA will be found in the supernatant. Therefore, depending on the conversion rate of PZA to POA, the time of analysis and presence of PZA resistance, POA might be present in a mixture with PZA or might be completely absent. Consequently, it is of interest to discriminate between samples containing only PZA, a mixture of PZA and POA and only POA. As a proof of principle, samples with different prodrug-metabolite ratios were measured. As discussed above, the two molecules show, besides common bands ascribed to the vibrations of the pyrazine ring, also vibrational modes characteristic for the different analytes. It is expected that these differences in the SERS spectra will also be visible in a mixture. Seven different mixtures were measured using the LoC-SERS setup, the concentration of PZA ranging from 0 to 100 µM and the concentration of POA from 100 to 0 µM. The means of the measured SERS spectra are depicted in Figure 5a. Differences are obvious in band intensity ratios, positions and the presence/absence of the specific marker bands.



The mayor differences can be noticed in bands located at 852 and 1372 cm−1 characteristic for POA and the vibrational modes centered at 1218 and 1440 cm−1, being marker modes for PZA. These bands are changing in ratio correlated to the individual concentrations of both target molecules. In Figure 5b, the peak intensity of the PZA marker mode at 1218 cm−1 and the POA marker mode at 852 cm−1 are plotted after normalization to the peak at 1472 cm−1. The reference band centered at 1472 cm−1 is caused by N–C stretching [38]. This band is present in the spectra of both analytes (as indicated in Figure 1a,b) with a resembling intensity. Thus, this band is very well suited as a reference band for the normalization. For both analytes a linear signal to concentration dependency could be observed. For PZA the concentration ranged from 20 to 100 μM (with a coefficient of correlation R2 = 0.99) and for POA the range from 50 to 100 μM (with a coefficient of correlation R2 = 0.92) could be determined. Thus, for the concentration PZA/POA 20 μM/80 μM to 50 μM/50 μM to simultaneous detection could be realized as very successful. The detection limits for PZA and POA are 20 μM and 50 μM, respectively.





4. Discussion


In the present work, the potential of LoC-SERS as a spectroscopic based method was demonstrated for the simultaneous detection of PZA and POA in a microfluidic device. The significant differences in the SERS spectra of PZA and POA were determined, e.g., for PZA specific marker bands are centered at 1218 cm−1 and 718 cm−1, for POA the marker bands are centered at 731 cm−1 and 852 cm−1. The flow rates in the microfluidic device could be optimized to achieve best signal to noise ratio when citrate (concentration 10−5m) was added (5 nL/s) and the flowrates of mineral oil, AgNO3/NH3 solution and N2H4 was set to be 30 nL/s, while analyte flowrate was set to 10 nL/s.



In aqueous conditions for both analytes the SERS signal vs. concentration yields a sigmoidal curve. However, the limit of detection was calculated to be 27 µM for PZA and 21 µM for POA when detected discretely each one. Thus, it could be shown as a proof of principle that the discrimination between PZA and its metabolite POA can be realized with a very high sensitivity. Furthermore, the two analytes were simultaneously detected in aqueous solution with varying concentrations, it was demonstrated that a linear dependency of the Raman signal with respect to the concentration holds true in the range of 20 µM to 100 µM for PZA and 50 µM to 100 µM for POA, respectively. The detection limits for PZA and POA in a mixture of both analytes are 20 μM and 50 μM, respectively. The ratio of the marker modes of PZA and POA can be a relevant indicator for PZA resistant MTB.
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Figure 1. Reference Raman spectra of the powder (gray spectra in the bottom) and surface-enhanced Raman spectroscopy (SERS) spectra (black spectra in the top), applying hydroxyl amine hydrochloride reduced h-AgNPs, of PZA and POA in a concentration of 10−3 M in panel (a) and (b), respectively. Marker bands for both analytes are indicated with black lines, marker band specific for PZA are depicted with doted lines, marker band for POA with dashed lines. For both analytes a scheme of the molecular structure is shown. 
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Figure 2. (a) Varying flowrates for mineral oil, AgNO3 with NH3 and N2H4 in the microfluidic chip device. The flowrates of PZA (10−4 M) and NaNO3 were kept constant at 10 nL/s. With the addition of citrate (10−5 M) depicted in black, without citrate plotted in gray. In light gray the standard deviation values are indicated. (b) Integrated intensity of the peak at 1040 cm−1 relative to the different flowrates. With addition of citrate (10−5 M) depicted in black, without citrate plotted in gray, respectively. 
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Figure 3. (a) Lab-on-a-chip SERS (LoC-SERS) mean spectra of different concentrated PZA in water as indicated in the plot. The standard deviation values are indicated in grey; (b) the integrated intensity of the marked peak centered at 1218 cm−1. 
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Figure 4. (a) LoC-SERS mean spectra of different concentrated POA in water as indicated in the plot. The standard deviation values are indicated in grey; (b) the integrated intensity of the marked peak centered at 852 cm−1. 
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Figure 5. (a) LoC-SERS mean spectra of mixtures of PZA (gray) and POA (black) in water (using y-AgNPs). Mixing ratios of analyte stock solutions (10−4 M) are indicated in the graph. Mixing was realized before injection into the chip. The standard deviation values are indicated in light gray; (b) peak intensities of the marker bands at 1218 cm−1 (for PZA) and 852 cm−1 (for POA) relative to the peak at 1472 cm−1, respectively. 
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