Fabrication of Quartz Crystal Microbalance Coated with GO/PVC Nanofiber for Benzene Detection as Tuberculosis Biomarker
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Abstract
[bookmark: _Hlk210313498]Tuberculosis (TB) is a highly contagious illness and a major contributor to global mortality, with over 1.5 million deaths reported annually. TB is caused by Mycobacterium tuberculosis (Mtb), which is often difficult to diagnose in the early stages of infection. Existing diagnostic methods are limited by long processing times, high costs, and suboptimal sensitivity. Therefore, this study aimed to develop a Quartz Crystal Microbalance (QCM)-based biosensor employing polyvinyl chloride (PVC) nanofibers coated with graphene oxide (GO) for rapid detection of volatile TB biomarkers, particularly benzene. The sensing platform utilized a 10 MHz AT-cut silver electrode QCM coated with electrospun PVC nanofibers, followed by GO deposition via immersion. Scanning Electron Microscopy (SEM) showed uniform nanofibers with diameters increasing from 183 ± 54 nm to 348 ± 50 nm after GO coating, while FTIR confirmed the presence of GO functional groups. Sensor evaluation revealed a clear and concentration-dependent frequency shift, with a sensitivity of 1.88 Hz·L/mg, a strong linear correlation (R² = 0.99) across 1.18–23.68 mg/L, and a fast response time of 71 seconds. The limits of detection and quantification were determined to be 0.88 mg/L and 2.66 mg/L, respectively. Adsorption followed the Langmuir isotherm model, indicating monolayer uptake. These results demonstrate that the GO/PVC nanofiber-coated QCM offers a promising, low-cost, and sensitive approach for TB biomarker detection in breath analysis.
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Introduction
[bookmark: _Hlk210376383]Tuberculosis (TB) is a chronic infectious and contagious illness attributable to Mycobacterium tuberculosis (Mtb), which mainly targets the lungs but may extend to other organs [1], [2]. Due to its high transmissibility, TB remains a major global health threat, responsible for over a million deaths annually [3]–[5]. Rapid and accurate diagnosis is crucial to control its spread. It is also essential for effective disease management. However, conventional diagnostic methods still have limitations. The Interferon-γ Release Assay (IGRA) and the Mantoux tuberculin skin test (TST) take considerable time. They also show low sensitivity, especially for early-stage infections [6].
Early detection of TB can be achieved through specific biological markers. One option is to analyze volatile organic compounds (VOCs) in the breath of TB patients. These include oxidative stress products such as alkanes and their derivatives [7]. They also include volatile metabolites of Mtb, such as cyclohexane and benzene derivatives [8], [9]. Detecting such compounds provides a non-invasive approach to identifying early infection. Biosensors designed to target these biomarkers are now seen as a promising tool for rapid TB diagnosis [10]. The key challenge is to build sensors that are not only sensitive but also have a fast response time.[bookmark: _Hlk91702109]* Corresponding Author. 
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Quartz Crystal Microbalance (QCM) is a mass-sensitive sensor platform that shows significant potential for detecting disease biomarkers, including those of TB [4], [10]. QCM is a surface acoustic wave sensor based on the piezoelectric effect [11]. It is widely used for the measurement of tiny mass changes, even at the nanogram scale [12].  QCM detects mass changes through shifts in its resonance frequency. Sauerbrey introduced a quantitative relationship between the two values, mathematically expressed in (1) [13].
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In the Sauerbrey equation, Δf denotes the frequency change of the QCM (in Hz), while f₀ represents its fundamental resonance frequency (in Hz). The parameters ρq and µq correspond to the density (2.648 g·cm⁻³) and the shear modulus (2.947 × 10¹¹ g·cm⁻¹·s⁻²) of AT-cut quartz, respectively. Δm indicates the added mass (in grams), and A refers to the electrode surface area of the quartz crystal (in cm²). This equation is valid for gas-phase sensing as long as the deposited film is rigid and evenly distributed. It should also not reduce the crystal’s resonant frequency by more than 2% [14]. 
QCM sensor performance can be improved by tailoring the active layer. This modification allows the sensor to respond more effectively to TB biomarkers. Several studies have reported the use of polymer-based QCM sensors for volatile compounds such as benzene. Active layers including polystyrene (PS), polyacrylonitrile (PAN), polyvinyl acetate (PVAc), polyvinylidene fluoride (PVDF), and polyvinylpyrrolidone (PVP) have been tested. Sensitivities ranged from 0.018 Hz/ppm to 2.50 Hz·L/mg, with response times of several hundred seconds [15]–[20]. However, these results are still too limited for rapid and sensitive detection. Therefore, active layer modification must consider the interaction between the sensing layer and TB biomarkers to improve both sensitivity and response time [21].
Modification of the QCM active layer with graphene oxide (GO) and polyvinyl chloride (PVC) nanofibers offers potential advantages in enhancing sensitivity and response time. The unique structure and excellent conductivity of GO allow for improved sensor response toward Mtb biomarkers [22], [23]. Meanwhile, PVC, a widely available and cost-effective polymer [24], can serve as a supporting nanofiber structure for GO. This nanofiber configuration provides opportunities to enhance sensitivity. Additionally, the electron-rich functional groups in PVC may interact with negatively charged groups of Mtb biomarkers, such as benzene derivatives [25]. Therefore, in this study, GO/PVC nanofibers were fabricated as the active sensing layer of a QCM sensor for benzene detection, one of the TB biomarkers. This sensor is expected to contribute to efforts in TB prevention, diagnosis, and treatment.[image: ]
Figure 1. (a) Illustration of the coating procedure for the QCM sensor using PVC nanofibers combined with GO. (b) Setup diagram of the experimental apparatus used for vapor detection. (c) Molecular representation of benzene structure. Sub-figures (a) and (b) are modified from [28], used under CC BY 4.0.
(c)
(b)
(a)


Methods
Materials
The materials used in this work included a 10 MHz AT-cut QCM (Daishinku Corp., Indonesia), graphene oxide dispersion (PT. Inovasi Teknologi Nano, Indonesia), and polyvinyl chloride resin (Kimia Market, Indonesia). The organic solvents employed were N,N-dimethylacetamide (DMAc) (Merck, USA), and ethanol (Merck, USA), along with distilled water. The biomarker compound for Mycobacterium tuberculosis (Mtb), benzene, was obtained from Sigma-Aldrich (Darmstadt, Germany). All chemicals were used without modification or additional treatment.
Preparation of GO/PVC Solution
Based on previous studies, PVC was completely dissolved in DMAc [26], [27]. Hence, in this work, a 7% (m/v) PVC solution was prepared by dissolving PVC in DMAc, followed by stirring for 90 minutes to ensure homogeneity for nanofiber formation. A 0.2% (m/v) GO dispersion was prepared in a 1:1 mixture of distilled water and ethanol. The GO dispersion was subsequently deposited onto the PVC nanofiber layer using an immersion technique. 
Deposition of GO/PVC Layer onto QCM[image: ][image: A close-up of a device  AI-generated content may be incorrect.]
(a)                                             (b)
[bookmark: _Ref201787347][bookmark: _Ref202025976]Figure 2. (a) QCM without material deposition and (b) QCM with GO/PVC nanofiber layer.


 This work employed a combination of electrospinning and immersion methods, similar to those used in previous studies [28]. The PVC solution was deposited onto the surface of the QCM using an electrospinning instrument (ILMI-N101, Indonesia). The solution was placed in a 10 mL syringe and delivered through a needle connected to a 12.5 kV high-voltage power supply. The needle-to-collector gap was 15 cm, with a solution flow rate of 0.005 mL/min. The QCM coated with PVC nanofibers was then immersed in the GO dispersion for 10 seconds and subsequently dried at room temperature. This process is illustrated in Figure 1a.
Characterization of the GO/PVC Layer
Morphological and chemical analysis was conducted to evaluate the surface structure of the PVC nanofibers before and after the deposition of GO. The fiber morphology was examined using scanning electron microscopy (SEM, Zeiss EVO 10) at 20 kV [29].  This examination included the shape of the fibers and their diameter distribution. The average fiber diameter and its distribution were determined from the SEM images using image analysis software (ImageJ). In addition, the chemical composition was analyzed using Fourier-transform infrared spectroscopy (FTIR). The method was further utilized to investigate the functional groups of GO on the PVC nanofiber surface.
Characterization of Sensor Response 
The response of the sensor to the analyte was measured using a custom-designed sensor chamber, based on previous studies [28], [30], as illustrated in Figure 1b. The chamber, with a total volume of 3.7 liters, was constructed from stainless steel. A low-voltage DC fan (12 V) was installed at the base of the chamber to ensure homogeneous distribution of the analyte. The top cover of the chamber was equipped with an oscillator circuit for the QCM channel, integrated with a frequency counter and additional circuits for temperature, humidity, and pressure sensing. The concentration was expressed in mg/L [30].
Results and Discussion
1. QCM Sensor with GO/PVC Coating
Figure 2a displays the uncoated QCM sensor. It consists of a 10 MHz AT-cut quartz crystal (HC-49U package) with its protective casing removed to expose the active sensing surface. The circular silver electrodes, each approximately 3.74 mm in diameter, were deposited symmetrically on both sides of the quartz substrate. In this pristine state, the electrodes exhibited a smooth and reflective surface without any material deposition. This configuration served as the reference state for mass loading measurements.
Figure 2b shows the same QCM sensor after functionalization with PVC nanofibers via electrospinning and a thin layer of GO applied via immersion. The deposition was successful and homogeneous. The composite film formed a uniform and continuous layer across the electrode surface, as observed visually.
The QCM resonant frequency was measured before and after material deposition. The frequency decreased by 3603 Hz after PVC deposition and by 4714 Hz following GO immersion. According to the Sauerbrey equation, these decreases correspond to mass increases of approximately 1748 ng and 2287 ng, respectively. These frequency changes indicate the successful deposition of the active layer on the sensor.
1. Characteristics of GO/PVC Layer
Figure 3a shows the SEM image of the electrospun PVC nanofiber layer. The fibers form a dense and uniform network. They are evenly distributed across the substrate. This indicates that the electrospinning process was consistent and produced a homogeneous fibrous mat. Such morphology is beneficial for sensor applications. The large surface area and porous structure help improve analyte interaction and adsorption efficiency [31].
Figure 3b presents the SEM image of the PVC nanofiber layer after being coated with graphene oxide (GO) via immersion. The surface appears smoother and less textured compared to Figure 3a. Fiber-like features are still faintly visible beneath the top layer. This suggests that the GO film partially or fully covered the nanofiber matrix. The smooth appearance is consistent with the planar nature of GO, which tends to spread evenly during immersion. This composite structure demonstrates successful deposition of GO. The GO layer can enhance the sensor’s chemical sensitivity by providing additional active sites and improving surface conductivity [23], [32].
Figure 3c-d shows the fiber diameter distribution of the nanofiber layers before and after the deposition of graphene oxide (GO). The electrospun PVC nanofibers had an average diameter of 183 ± 54 nm. After coating with GO via immersion, the average diameter increased significantly to 348 ± 50 nm. This added thickness suggests that the GO layer successfully covered the nanofibers.
FTIR spectroscopy analysis was performed to verify the existence of graphene oxide on the PVC nanofiber surface. Figure 4 depicts the FTIR spectra obtained for PVC nanofibers and GO/PVC nanofibers. The PVC nanofibers spectrum in Figure 4a shows an absorption band at 657 cm⁻¹. This band corresponds to the C–Cl stretching vibration. It confirms the PVC backbone [33]. Other PVC-related features include C–H stretching vibrations at 2908 cm⁻¹. CH₂ bending vibrations appear at 1425 cm⁻¹. These features are consistent with previously reported spectra of neat PVC [33]–[35]. [bookmark: _Ref202694130]Figure 3. SEM images of (a) PVC nanofibers and (b) GO/PVC nanofibers. Diameter distribution of (c) PVC nanofibers and (d) GO-coated PVC nanofibers.
(a)
(b)
(d)
(c)

The FTIR spectrum of GO/PVC nanofibers (Figure 4b) shows bands almost characteristic of both GO and PVC nanofibers. The spectrum shows an additional band at 1065 cm⁻¹, which is assigned to C–O stretching of alkoxy groups [36]. Another band is observed at 1220 cm⁻¹, characteristic of C–O–C stretching vibrations from epoxy functionalities [34]. Furthermore, a wide absorption band between 3200 and 3600 cm⁻¹ indicates the existence of hydroxyl groups (O–H stretching) [34]. The expected C=O stretching vibration at ~1715-1730 cm⁻¹, usually associated with carboxyl groups in graphene oxide, was only slightly prominent in this sample [36]. This may be due to the relatively low content of GO in the composite, which reduces the abundance of carbonyl functionalities. The presence of both PVC and GO-related bands confirms the incorporation of graphene oxide into the PVC nanofibers.[image: A graph of a number of different colored lines  AI-generated content may be incorrect.]
[bookmark: _Ref210042152]Figure 4. FTIR spectrum of (a) PVC resin and (b) GO/PVC nanofibers.


1. Frequency Response of QCM Sensor to Benzene Vapor 
Three variants of QCM sensors were prepared to evaluate the effect of coating materials on frequency response: QCM blank (QCM 0), QCM coated with GO layer (QCM GO), and QCM coated with GO/PVC nanofibers (QCM GO/PVC nanofibers). The sensor responses were evaluated under exposure to a fixed concentration of benzene vapor (11.84 mg/L). It can be seen in Figure 5 that QCM 0 exhibited almost no frequency shift when exposed to benzene vapor, indicating negligible sensitivity. In contrast, the QCM GO sensor showed a clear response with a negative frequency shift of about 10 Hz. This response is likely associated with the adsorption of benzene molecules on the oxygen-containing groups of GO. [image: A graph of different colored lines  AI-generated content may be incorrect.]
[bookmark: _Ref210057875]Figure 5. Characteristic response of the different coating materials of QCM sensors at 11.84 mg/L benzene.


The QCM GO/PVC nanofiber sensor exhibited a much stronger response, reaching a frequency shift of approximately 23 Hz. This frequency shift may be attributed to the synergistic effect of GO and PVC nanofibers. The combination provides a larger surface area and additional adsorption sites for benzene molecules. The nanofiber network offers a high surface area and porosity, while the GO provides abundant oxygen-containing functional groups that facilitate π–π interactions with aromatic benzene molecules [37]–[39]. This results in increased mass uptake on the crystal surface, reflected by the frequency shift.
The QCM GO/PVC nanofiber sensor was tested with benzene vapor at different concentrations within the concentration range of 1.18–23.68 mg/L (see Figure 6a). The frequency shift increased as the benzene concentration increased. At concentrations of 1.18, 2.37, 4.74, 11.84, and 23.68 mg/L, the frequency shifts reached approximately 3.3, 5.7, 10.3, 22.3, and 44.0 Hz, respectively. Measurements were repeated three times (n = 3) for repeatability. Afterward, the chamber was purged with ambient air to allow recovery of the frequency baseline.
The linear correlation between benzene concentration and frequency shift is presented in Figure 6b. A linear fitting yielded a sensitivity (S) of 1.88 Hz·L/mg with excellent linearity, as shown by the determination coefficient (R²) of 0.99 in the concentration range of 1.18–23.68 mg/L. The standard deviation (σ) of the blank signal was measured as 0.5 Hz. This value was then used to determine the limit of detection (LOD) using the formula LOD = 3.3σ/S. Subsequently, it was also used to determine the limit of quantification (LOQ) using the formula LOQ = 10σ/S. Based on these calculations, the QCM GO/PVC nanofiber sensor exhibited an LOD of about 0.88 mg/L and an LOQ of approximately 2.66 mg/L for benzene vapor detection. These values indicate that the sensor has high sensitivity and reliable detection capability for benzene vapor.[image: ]
(a)
[image: A graph of a red line  AI-generated content may be incorrect.]
(b)
[bookmark: _Ref201790069]Figure 6. (a) Response of the QCM GO/PVC nanofiber sensor at different benzene concentrations. (b) Calibration plot illustrating the sensitivity of the sensor to benzene vapor.

[image: ]
[bookmark: _Ref210207243]Figure 7. Langmuir isotherm fitting of the QCM GO/PVC nanofiber sensor in response to 4.74 mg/L benzene.


The Langmuir isotherm model is commonly applied to describe the adsorption kinetics behaviour in QCM. The approach was utilized to analyze the sorption dynamic of benzene molecules onto the GO/PVC nanofiber surface [40]. The variation of benzene uptake on the GO/PVC nanofiber surface over time (Δmt) is described by (2):
	

	[bookmark: _Ref210202652](2)



where Δm∞ represents the maximum adsorption capacity of benzene molecules on the surface as time approaches infinity (t → ∞), and t refers to the relaxation time. The parameter of Δmt can be calculated according to the Sauerbrey equation () [28], [41]. 
Figure 7 illustrates the Langmuir model fitting (Equation (2)) to experimental data for 4.74 mg/L benzene, with the red solid line indicating the fitted curve. The maximum adsorbed mass (Δm∞) was determined to be 5.45 ng, with a response time (τ) of 31 seconds. These findings indicate that the adsorption of benzene on the GO/PVC nanofiber surface follows the Langmuir isotherm behavior closely (R² = 0.95).
Table 1 provides a comparison between the GO/PVC nanofiber-coated QCM sensor developed in this work and previously reported polymer-coated QCM sensors for benzene detection. The table lists the QCM type, polymer material, deposition method, sensitivity, and response time. Reported polymer-coated QCMs with gold electrodes (e.g., PS, PAN, PVAc, PVDF, PVP) generally show sensitivities in the range of 0.018 Hz/ppm to 2.5 Hz·L/mg [15]–[20], but often exhibit long response times–sometimes extending to several hundred seconds–which limits their applicability for rapid detection.[bookmark: _Ref210222631]Table 1
Comparative Evaluation of the GO/PVC Nanofiber-Coated QCM Sensor for Benzene Detection in Reference to Previously Reported Polymer-Functionalized QCM Sensors.
[bookmark: _Hlk210228978]QCM Type
Materials
Deposition Method
Sensitivity
Response Time (s)
Year
Ref.



(Hz/ppm)
(Hz·L/ mg)



10 MHz Gold Electrode
Polystyrene
Casting
1.33
–
260
2006
[15]
10 MHz Gold Electrode
PAN
Electrospinning
–
~0.50
–
2018
[16]
10 MHz Gold Electrode
PVAc
Electrospinning
0.018
–
225
2019
[17]
10 MHz Gold Electrode
PAN
Spin coating
–
0.40
–
2020
[18]
10 MHz Gold Electrode
PVDF/PVAc
Spin coating
–
~1.00
–
2020
[18]
10 MHz Gold Electrode
PVP
Spin coating
–
~2.00
–
2020
[18]
10 MHz Gold Electrode
PVAc 
Spin coating
–
~2.50
–
2020
[18]
5 MHz
PEMA–DIOA (5 %)
Spin coating
–
–
220
2021
[19]
–
PVAc
Spin coating
0.109
–
–
2023
[20]
10 MHz Silver Electrode
GO/PVC
Electrospinning-Immersing
–
1.88
71
2025
This work
“–” indicates that the data is not explicitly reported in the literature.
“~” indicates that the value is approximated from a figure or graph in the literature.
  

In contrast, the QCM GO/PVC nanofiber developed in this study showed improved sensing performance. It achieved a sensitivity of 1.88 Hz·L/mg. The response time was 71 seconds. The performance improvement is likely due to the nanofiber morphology and the GO/PVC composite. These features provide more adsorption sites and enhance diffusion. Compared with most previously reported polymer-coated QCMs, the sensor shows a faster response. This indicates a practical advantage for benzene detection.
Conclusion
This research successfully fabricated and evaluated a GO/PVC nanofiber-functionalized QCM sensor for the sensing of benzene vapor as a model biomarker of Mycobacterium tuberculosis (Mtb). The incorporation of GO into PVC nanofibers was confirmed by SEM and FTIR, and sensor evaluation revealed a high sensitivity of 1.88 Hz·L/mg, a low detection limit of 0.88 mg/L, and a rapid response time of 71 seconds. Compared with previously reported polymer-based QCM sensors, the GO/PVC nanofiber-coated QCM exhibited enhanced performance due to the synergy between nanofiber morphology and GO functionalities. These results highlight the promise of this sensor in enabling rapid and sensitive detection of benzene in breath samples for early TB diagnosis.
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