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Abstract 

Quartz crystal microbalances (QCMs) have been used in the literature for mass sensitive 

biosensor applications. However, their performance, reliability and stability have been limited 

by the chemical treatment steps required for the functionalization and activation of the QCM 

surface, prior to antibody immobilization. Specifically, these steps cause increased film 

thickness, which diminishes performance by mass overload, and create a harsh environment, 

which reduces biological activity. In this work, we eliminated this chemical step by 

introducing a sensing layer modification using electrospun amyloid like-bovine serum 

albumin (AL-BSA) nanofibers on QCM surfaces. Owing to the self-functionality of AL-BSA 

nanofibers, these modified QCM surfaces were directly activated by glutaraldehyde (GA). To 

assess the performance of these modified electrodes, a model protein, lysozyme (Lys), was 

selected as the biological agent to be immobilized. Frequency measurements were performed 

in batch (dip-and-dry) and continuous (flow-cell) processes, and binding performances were 

compared. 

AL-BSA modified surfaces were characterized by X-ray photoelectron spectroscopy (XPS), 

scanning electron microscope (SEM), quartz crystal microbalance (QCM), contact angle (CA) 

and attenuated total reflectance-Fourier transform infrared spectroscopy (ATR-FTIR). Protein 

detection was measured based on the frequency shift before and after the covalent bonding of 

Lys. Under optimized conditions, the proposed immobilization platforms could bind 335 

ng/mL and 250 ng/mL of Lys for batch and continuous processes, respectively. Our results 

demonstrate the potential usage of these self-functional electrospun AL-BSA infrastructure 

sensing layers on QCM surfaces. This modification enables the direct immobilization of 

bioactive agents by eliminating any surface functionalization process for further mass-

sensitive biosensor applications. 

Keywords: Amyloid-like protein; Bovine serum albumin; Lysozyme; Electrospinning; 

Quartz crystal microbalance; Protein immobilization. 
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1. Introduction 

Mass-sensitive biosensors for biomedical applications represent a major challenge in 

nanotechnology. A quartz crystal microbalance (QCM) is a frequently used acoustic wave 

mass-sensitive detector. QCMs are extremely sensitive to mass (density) and to viscoelastic 

changes at the solid-solution interface, and can respond to any changes in mass at this 

interface with a resolution of 1 ng/cm
2
. When a foreign mass is attached on the surface of the 

QCM, it affects the resonant frequency of the oscillating crystal. The oscillations become 

stable only when the natural resonance frequency is achieved (Bard et al., 2008; Ferreira et 

al., 2009; Lu and Czanderna, 2012; O’sullivan and Guilbault, 1999). Subsequently, the 

change in the natural resonance frequency becomes proportional to the mass deposited on the 

QCM electrode. This can be directly calculated using the Sauerbrey equation (Sauerbrey, 

1959). 

The modification of the QCM surface through the creation of a recognition layer is crucial in 

achieving highly sensitive and selective mass-sensitive biosensors for biomolecule detection. 

Biofunctionalized thin films may be adsorbed on the surface of the QCM crystal with the 

added possibility of tuning the polymer composition to ensure that the binding is completely 

achieved. Various polymeric layers, including cellulose acetate, polyurethane, polystyrene, 

polyethylene amine, polybutyl methacrylate, polyvinyl formal/ethylal, polyvinylalcohol, and 

polyethyleneimine have been used for the preparation of sensing layers for mass-sensitive 

sensors (Alp et al., 2000; Jenik et al., 2009; Koshets et al., 2003; Öztürk et al., 2008; Rodoplu 

et al., 2013; Tsai et al., 2011; Zhang et al., 2003). Additionally, various coating methods 

including silanization, immobilization on the pre-coated crystal, entrapment, or cross-linking 

methods are used for antibody binding onto the quartz crystal (Jenik et al., 2009; Mutlu, S., 

2011; Öztürk et al., 2008; Park and Kim, 1998; Park et al., 2003; Park et al., 2004; Rodoplu et 

al., 2013; Tsai et al., 2011). In addition to these techniques, plasma polymerization systems 

have proven useful for the modification of the surface of the quartz crystal (Karamollaoğlu et 

al., 2009; Mutlu et al., 1999; Mutlu et al., 2008; Nakanishi et al., 1996; Wu et al., 2000) to 

enhance QCM sensitivity, and for improving the immobilization capacity of bioactive agents, 

through the creation of functional groups on recognition layers (Akdoğan et al., 2006; Mutlu 

et al., 2008). Although improvements have been achieved with these techniques, the 

interactions of bioactive agents within the QCM electrode surface area were limited and 

resulted in low signal transduction. Moreover, the final film could be too thick, and diminish 

the performance of the quartz crystal. Film stability also represents an important issue in the 

preparation of mass-sensitive biosensors using quartz crystals. To overcome all of these 

problems, including the limited surface area, our research group as well as others have 

considered nanoscale approaches (Ayad et al., 2014; Dincel and Mutlu, 2015; Rodoplu et al., 

2013; Xu et al., 2016). However, surface functionalization of sensing layers, as a multistep 

process for achieving the successful immobilization of bioactive agents, remains challenging. 

Electrospinning represents one of the easiest material-processing methods, which is suitable 

for nanoscale surface modification of several kinds of materials, including piezoelectric 

transducers. The larger surface-area-to-volume ratio of electrospun membranes results in a 

higher immobilization of biological agents, as compared to that observed using flat films or 

microfibers (Ayad et al., 2014; Dincel and Mutlu 2015; Kabay et al., 2016; Rodoplu et al., 

2013; Xu et al., 2016). However, the chemical composition of most synthetic polymers is 

unsuitable for direct antibody immobilization. Thus, additional chemical modifications are 

required to create functional groups that assist in the binding of bioactive agents. For the 

elimination of this chemical step, protein structures may be preferred instead of synthetic 
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polymers (Kabay et al., 2016; Khadka and Haynie, 2012; Nuansing et al., 2013), as the amine 

groups present in proteins can be directly activated prior to immobilization. Additionally, 

proteins which exist in an amyloid-like form exhibit high mechanical strength and film 

stability during processing (Cinar et al., 2012; Dror et al., 2008; Kowalczyk et al., 2008; 

Raynes and Gerrard 2013). Further, proteins in nanofibers which are present in an amyloid-

like form represent a completely natural material, and show great potential for use in any type 

of medical, pharmaceutical, or life-science applications.  

So far, no reports have been published on the modification of the amyloid-like nanofibers on 

QCM gold electrode surfaces. In this study, a three-dimensional (3D) protein-capturing 

surface was fabricated using AL protein nanofibers, to develop a fully natural infrastructure 

for a biosensor. The modification was performed through the electrospinning of an AL-BSA 

solution over QCM surfaces. Lysozyme (Lys) was selected as a model protein to be 

immobilized, and modified membranes were directly activated by glutaraldehyde prior to 

frequency measurements, to evaluate performance parameters, such as sensitivity, 

repeatability, and protein immobilization capacity. 

2. Materials and methods 

2.1. Materials 

 

Glucose oxidase (GOD) from Aspergillus niger (SA: 306 U/mg), 2,2,2-trifluoroethanol 

(TFE), β-mercaptoethanol (β-ME), glutaraldehyde (GA), ultra-pure water (PW), sulphuric 

acid (H2SO4), and hydrogen peroxide (H2O2) were purchased from Sigma-Aldrich (St. Louis, 

MO, USA). All other reagents, including sodium chloride (NaCl), disodium hydrogen 

phosphate (Na2HPO4), and sodium dihydrogen phosphate (NaH2PO4), which were used as 

buffering agents, lysozyme (Lys) and bovine serum albumin (BSA) were supplied by Acros 

Organics (Morris Plains, NJ, USA). Double-distilled water was used in all experiments.  

 

2.2. Fabrication of amyloid-like membrane modified QCM electrodes 

 

For the preparation of AL-BSA modified QCM crystals (ES-QCM), we used AT-cut quartz 

crystals with gold electrodes, having a frontal electrode diameter of 12.8 mm with a 

fundamental frequency of 5 MHz (Maxtek Inc.; Santa Fe Springs, CA, USA). Before the 

quartz crystals were used, a piranha solution was prepared using a 1:3 mixture of 30 % (v/v) 

H2O2 and H2SO4. The cleaning procedure for gold electrodes was performed as previously 

described (Kern, 1993). Gold electrodes were washed in double-distilled water and ethanol 

before use, and dried at 25 °C. Blank QCM (B-QCM) frequency values were recorded to 

evaluate the frequency shift caused by the harsh cleaning process.  

For the electrospinning solution, BSA was dissolved in a mixture of TFE and phosphate-

buffered saline (PBS) to obtain a 12 % (w/v) final solution at 25 °C. The tertiary structure of 

the protein was decomposed using β-ME, and stabilized by the addition of TFE, as reported 

elsewhere (Kabay et al., 2016). The BSA containing solvent was stirred continuously at 25 °C 

for 4 h. Prior to the modification process, the QCM was placed over an aluminium collector 

with a homemade cap containing a hole in the centre, and the gold electrode was exposed to 

nanofiber formation. For the electrospinning setup, a direct current (DC) voltage supplier 

(MCH 303D2; Gamma High Voltage Research Inc., Ormond Beach, FL, USA) and a syringe 

pump (NE-1000; New Era Pump Systems Inc., Farmingdale, NY, USA) were used.  

A vertically fixed 5-mL syringe with a metal needle (inner diameter: 0.80 mm) was filled with 

the AL-BSA solution. In the vertical setup, the collector was placed on the floor and the 

syringe pump was located above the collector. In our preliminary studies, the flow rates were 
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maintained between 0.20 and 0.40 mL/h (Fig. 1), the applied voltage and the distance between 

the tip and collector was varied from 12–20 kV and 8–15 cm, respectively. All experiments 

were performed at atmospheric pressure and at room temperature (~25 °C). All samples were 

placed in a vacuum desiccator for drying, and stored in the desiccator overnight at room 

temperature before the initial frequency values for B-QCMs and ES-QCM were recorded in 

the gaseous phase. 

 

 
Fig. 1. A schematic diagram illustrating the electrospinning deposition of amyloid-like BSA 

nanofibres on QCM gold electrode surface. 

 

Finally, QCM surfaces were modified using three different fibre collection times: 30, 60, and 

120 s, to investigate the immobilization capacity for the bioactive agent (Lys), as a function of 

the accumulated amount of functional nanofibers. 

 

2.3. Glutaraldehyde activation 

 

In the case of the GA modification, we tried to minimize the destruction of nanofibers during 

the activation process to increase the surface area to volume ratio at the nanoscale level, and 

to achieve an appropriate level of active group formation on the surface. For surface 

activation, all ES-QCMs were immersed in a 2.5 % (v/v) GA solution and placed in a shaker 

to be stirred (300 rpm) at room temperature for 1–24 h. After the activation process, all QCMs 

were washed three times with phosphate buffer (pH 7.4) and double-distilled water. As a 

negative control (NC), 2 h GA modified B-QCMs were prepared to investigate the effect of 

nanofiber modifications on the sensitivity and frequency shift. 

2.4. Physical and chemical characterization of AL-BSA modified gold electrodes 

The effects of the processing parameters and that of the GA activation period on the 

morphology of the nanofiber were evaluated by scanning electron microscopy (SEM, FEI-

Quanta 200; Hillsboro, OR, USA). The samples were sputter-coated with gold, prior to 

microscopic examination. The average fibre diameter in the samples was determined by 

measuring the diameters obtained from the SEM images using the ImageJ software, and the 

graphs were the analysed using the OriginLab Software v.6 (Wellesley Hills, MA, USA). 
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The static contact angles of the electrode surfaces, before and after the modification of the 

nanofiber and the activation of GA, were measured in five samples for each modified group. 

To examine contact angle differences due to electrode modification, a sessile water drop was 

placed on the electrode surface. The volume of the water drop deposited on the membrane 

surface was 20 µL. The contact angle (CA) values were calculated using the ImageJ software 

(NIH, MD, USA).  

The chemical groups on the ES-QCM and ES/GA-QCM surfaces and the pure GA were 

characterized using attenuated total reflectance-Fourier transform infrared spectroscopy 

(ATR-FTIR) (Perkin Elmer Spectrum, Waltham, MH, USA). ATR-FTIR spectra were 

measured across a wavenumber range of 4000–1000 cm
−1

.  
 

The surface composition of the samples was characterized by X-ray photoelectron 

spectroscopy (XPS). The XPS characterization of the materials was done using a Thermo K-

Alpha (Thermo Fisher Sci., Waltham, MA, USA) instrument and performed with a Thermo 

K-Alpha monochromatic high-performance XPS spectrometer (Thermo Fisher Sci., Waltham, 

MA, USA) at a pressure of 1 × 10
−9

 Torr. The ultrahigh resolution energy and the survey pass 

energy were adjusted to 30 eV and 200 eV, respectively. The spot size was 400 µm per 

sample. For quantification, the relative sensitivity factors given by the XPS instrument 

supplier were used. The fitting of the XPS spectra was performed using the OriginLab 

Software v.6, and is presented in the Supplementary materials.  

 

2.5. Protein immobilization over QCM surfaces and frequency measurements 

The bioactive agent (Lys) immobilization capacity of the nanofibers depends on the collection 

period during which it was studied. For this purpose, glutaraldehyde activated B-QCMs and 

ES/GA-QCMs, which were produced under the 30, 60, and 120 s fibre collection times, were 

used for the frequency measurement.  

In the dip-and-dry process, the ES/GA-QCMs and the B-QCMs were treated with a 200 

ng/mL (w/v) Lys (0.1 % v/v in PBS, pH 7.4) solution for 2 h, cleaned with PBS and distilled 

water to remove unbounded Lys from the modified QCM surface, and air-dried.  

In the second step, a continuous process was employed for the quantification of Lys 

immobilization over ES/GA-QCMs and B-QCM surfaces. Experiments were started with the 

introduction of PBS into the flow medium, and then the steady state baseline resonant 

frequencies of the ES/GA-QCMs were determined. Solutions containing biological species 

were then introduced. A fixed concentration of Lys (200 ng/mL) was prepared by dissolving 

Lys in PBS (0.1 % v/v in PBS, pH 7.4), and then this solution was injected into the flow-cell 

at a flow rate of 100 mL/h. The frequency shift corresponding to the amount of immobilized 

Lys was recorded. 

 

Finally, to determine the effect of the Lys concentration on the amount of immobilized Lys, 

we exposed the 60 s modified ES/GA-QCM samples to varying concentrations of Lys (1–

1000 ng/mL), and recorded their frequency shifts using the batch and continuous processes, as 

explained above.  

 

2.6. Statistical analysis 

 

To calculate the uniformity and nanofiber diameters in the membranes, statistical analyses 

were conducted using the SPSS 22.0 software for Windows. The significance was tested using 
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a one-way ANOVA (analysis of variance) and Tukey's HSD (honest significant difference) 

test. The sample size was 50 per group. The diameters are shown as the mean ± SD % and a p 

< 0.05 indicated a significant difference.  

All experiments measuring frequency were independently performed 10 times, and the results 

are presented as the mean ± SD (standard deviation), per group. The RSD% (relative standard 

deviation) values for the frequency shifts were calculated by using the mean and the standard 

deviations, to investigate the repeatability of our frequency measurements (Ang et al., 2015). 

 

3. Results and discussion 

3.1. QCM surface modification via electrospinning 

Electrospinning was used for the modification of gold electrode surfaces. Initially, we aimed 

to produce fine diameter (<200 nm) nanofibers to improve the protein immobilization 

capacity obtained through the increase in the surface-area-to-volume ratio. While operating 

the system, the production of a stable Taylor cone was very important; hence, the system 

parameters were optimized to mimic those of our previous study (Kabay et al., 2016). The 

optimization of working parameters was done at a constant distance of 10 cm. Our results 

demonstrated that when low voltages (<12 kV) were applied to the system, the Taylor cone 

could not be formed. At higher voltages (>21 kV), the jet became thinner, resulting in 

ruptures during fibre formation, which affected homogeneity. Moreover, higher flow rates 

resulted in uniform but thicker fibres (658±26 nm), whereas decreasing the flow rate resulted 

in thinner nanofibers, with an average diameter of 192±13 nm at 0.3 mL/h. For flow rates 

<0.3 mL/h, the Taylor cone could not be formed. While feeding the system with a 0.3 mL/h 

flow rate at a constant distance, the finest nanofibers could be produced at 18 kV. 

Accordingly, after optimizing the system parameters, the most uniform and finest nanofiber 

structures were obtained at an applied bias of 18 kV, a flow rate of 0.3 mL/h, and a 10 cm tip 

to collector distance. The diameters of 50 nanofibers were measured for the membrane, which 

was produced by employing optimized conditions, and their average diameter was calculated 

as 188±55 nm. SEM images of nanofibers used to modify ES-QCM surfaces (Fig 2. A) and 

their diameter distribution, including error bars (Fig 2. B), are shown in Fig.2. 

 

 

Fig. 2. SEM image of ES-BSA nanofibres collected on QCM gold electrode surface (A) and 

diameter distributions of nanofibres including error bars (B). Electrospinning parameters, 

nanofiber collection time, voltage, flow rate and tip to collector distance were: 120 s, 18 kV, 

0.3 mL/h and 10 cm, respectively. 
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3.2. Glutaraldehyde Activation 

We investigated the effect of the GA cross-linking period on nanofiber morphology and on its 

protein immobilization capacity. To achieve this, ES-QCM samples were cross-linked for 1–

24 h. The modification of the membranes using nanofibers caused an increase in the surface 

area to volume ratio of the electrode surfaces, that resulted in a higher immobilization 

capacity. Therefore, the maintenance of a nanofibrous structure was crucial for the 

modification of QCM electrodes (Kabay et al., 2016; Rodoplu et al., 2013). SEM images were 

investigated before and after cross-linking. As clearly observed in Fig. 3, when GA was 

applied for less than 2 h (Fig. 3.B-C), no significant change in nanofiber morphology and no 

frequency shift were observed compared to non-activated nanofibrous membrane (Fig. 3.A).  

However, the nanofibrous structure was immediately changed into a dense membrane 

structure and flattened nanofibers were observed after 4 hours of cross-linking in an aqueous 

system (Fig. 3.E-F) (Betancor et al., 2006; Rho et al., 2006). This may be due to an 

insufficient period of cross-linking, due to the slow reaction kinetics between the aldehyde 

and amine groups (Marden et al., 2002). As a result, a 2 h cross-linking time was determined 

as optimal for the activation of ES-QCM surfaces. ES/GA-QCM modified nanofibrous 

membranes, before and after cross-linking, are shown in Fig. 3.A-F.  

 

 
 

Fig. 3. E-SEM images of ES/GA-QCM samples. The images represent before (A) and after 

cross-linking of membranes for 0.5h (B), 1h (C), 2h (D), 4h (E) and 8h (F). Electrospinning 

parameters; collection time, voltage, flow rate and tip to collector distance were: 60 s, 18 kV, 

0.3 mL/h and 10 cm, respectively. All other system parameters were kept constant. 
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3.3. Contact angle measurements  

Protein adsorption is directly correlated with the surface properties and the driving forces 

arising from electrostatic, hydrophobic, and hydrogen-bonding interactions (Roach et al., 

2005). In ultra-sensitive biosensor applications, the occurrence of adsorption is undesirable 

for the immobilization process. Generally, hydrophobic surfaces are considered more protein-

adsorbent than hydrophilic surfaces. To avoid undesirable interactions, the surface should be 

hydrophilic (Israelachvili and Wennerström, 1996; Noh and Vogler, 2006; Ostuni et al., 

2001). 

CA measurements were performed for B-QCM, ES-QCM, and ES/GA-QCM electrodes. The 

results indicated that the average CA value for B-QCM electrodes was 55.3±2.8°. However, 

due to the amyloid-like structure, the average CA was sharply increased to 77.2±4.6° 

(indicative of a hydrophobic surface) for ES-QCM samples. In contrast, GA activation on 

hydrophobic amyloid-like protein structures resulted in a hydrophilic surface with a CA of 

41.3±5.2°. 

The aim of GA activation was to decrease undesired protein adsorption, while increasing the 

covalent interactions between the membrane surface and the model bioactive agent (Lys). As 

indicated above, hydrophilicity increased after GA activation. 

3.3. ATR-FTIR measurements 

The modified electrode surfaces were investigated using ATR-FTIR (Fig. 4). As observed 

from the spectra, ES-QCM showed a peak around 3300 cm
-1

 that indicated the existence of 

primary amine groups and hydroxyl groups in the ES-QCM membrane. Amide II groups or 

the −CN bending in amidine groups showed strong peaks at 1655 cm
-1

, while another peak at 

1548 cm
-1 

indicated the bending vibration of the −NH in the primary amine.  
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Fig. 4. ATR- FTIR spectra of pure GA, ES-QCM and ES/GA-QCM modified surfaces. 

Following GA activation, the intensity of the specific peak at 3296 cm
-1

 was relatively 

decreased, due to the consumption of the primary amine groups and the hydroxyl groups 

needed for the attachment to aldehyde groups. Moreover, a new peak was observed at 1157 

cm
-1

, which corresponded to the formation of the acetal (C-O-H) group. The C=O stretch peak 

is the most characteristic peak for aldehyde formation. When we compared the ATR-FTIR 

spectrum of pure glutaraldehyde and the 2 h glutaraldehyde-activated AL-BSA nanofiber, the 

intensity of the aldehyde peak of the AL-BSA nanofiber at 1720 cm
-1

 was lower because of 

the limited exposure time (Migneault et al., 2004, Zhu and Sun, 2012).  

 

3.4. Frequency measurements 

Initial frequency measurements were carried out by employing a constant Lys concentration 

of 200 ng/mL. Frequency shifts caused by surface treatments applied to the B-QCMs and 

ES/GA-QCMs after lysozyme binding, under batch and continuous operation conditions, are 

given in Table 1.  
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Table. 1. The effect of nanofiber collection time and process type on the frequency shifts of 

modified QCM surfaces after Lys immobilization*. 

             Fibre collection  period 

 

Type of  

the process 

NC 

 

 

30 s                       60 s 

 

120 s 

 Frequency Shifts (Hz)  

Batch (Dip and Dry) 22±12 422±128 1287±176 1434±343 

Continuous (Flow-cell) 17±9 79±7 149±21 158±76 

* Experimental data given as an average data from 10 crystals of replicate experiments 

The average frequency of the B-QCM samples was measured as a negative control (NC) in 

the gas phase and calculated as 5000228±748 Hz. The small shift in the fundamental 

frequency (5 MHz) can be explained by the ablation that occurred during the harsh QCM 

cleaning process. After modifying the surfaces via electrospinning, the resonance frequency 

of the QCMs was measured in the gas phase. The frequency was decreased by about 2204 ± 

221 Hz with an RSD of 9.98 %, which is acceptable for analytical precision, as seen for other 

QCM surface modifications (Alonso-Lomillo et al., 2010; Huang et al., 2014).  

After measuring ES-QCM frequencies, we investigated the effect of the number of nanofibers 

on the immobilization capacity of the model protein (Lys), the repeatability and sensitivity of 

the assay. As shown in Table 1, the negative control showed a nonsignificant decrease in 

frequency, at 22±12 and 17±9 Hz, for batch and continuous processes, respectively. This 

might be caused by the physical adsorption of Lys on the ES/GA-QCM surfaces. Further, 

rinsing with PBS readily removed all protein molecules from the NC samples, as after this 

cleaning no frequency shift was observed. RSD values were found as 55 % and 52 %, for 

batch and continuous processes, respectively. This also showed that for the GA modified B-

QCM’s the repeatability was poor, because of the high deviation in frequency shifts. 

For the dip-and-dry method, the frequency shifts were measured as 422±128, 1287±176, and 

1434±343 Hz for the 30, 60, and 120 s collected ES/GA-QCM nanofiber samples, 

respectively. Our results showed that decreasing the nanofiber amounts limited both the cross-

linking and the immobilization of Lys, as can be observed from the frequency shift in the 30 s 

modified samples, that displayed a relative standard deviation of 30.3 %. Although the highest 

frequency decrement was observed for the 120 s modified ES/GA-QCM sample, an 

overloading of the crystals caused unstable frequency shifts, which resulted in a relatively 

higher RSD (23 %), as compared to that in the 60 s (13.6 %) modified samples. As a result, 

the 60 s modified ES/GA-QCM sample showed a slightly lower frequency shift than that in 

the 120 s collected sample, but showed better repeatability. 

In the second step, the continuous method was employed for ES/GA-QCMs. Frequency shifts 

were measured as 80±7, 149±21, and 157±76 Hz for the ES/GA-QCMs nanofibers collected 

at 30, 60, and 120 s, respectively. RSD values were measured as 9.0 %, 14.3 %, and 48.0 % 

(for the 30, 60, and 120 s samples, respectively). Although the highest frequency shift was 

observed for the ES/GA-QCM sample collected at 120 s, the repeatability was too low 

compared to the repeatability of the other samples (30 or 60 s) and had an RSD of 48 %. This 

was due to the overloading of the crystal by the solution flow and to the high content in 
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nanofibers. In contrast, the highest repeatability was achieved for the ES/GA-QCMs 

membrane at 30 s, but the frequency sensitivity for the immobilization of Lys was far lower 

than that in the other samples. In comparison, the ES/GA-QCM modified membranes 

collected at 60 s showed both an optimal frequency shift and repeatability. Therefore, these 

conditions were selected to investigate the protein immobilization capacity in further 

experiments.  

Our results demonstrated that the overloading of the QCM crystal caused a decrease in the 

resonance frequency in both methods and in all modified ES/GA-QCM samples. When 

comparing the results in terms of sensitivity, the dip-and-dry method was considerably more 

sensitive than the flow-cell method, because of the higher reduction in frequency against the 

same concentration of Lys (200 ng/mL).  

Lastly, the dip-and-dry and the flow-cell methods using varying concentrations of Lys were 

employed to determine the immobilization capacity of the 60 s modified ES/GA-QCM 

samples. When saturation occurs, no active spot is left on the membrane where Lys may be 

immobilized, due to steric hindrance and kinetic limitations (Mutlu and Mutlu, 1991; Tang et 

al., 2011). 

 

 

       

 
Fig. 5. Frequency shifts of modified ES/GA-QCM samples after Lys immobilization by batch 

(A) and continuous processes (B). 
 

(A) 

(B) 
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As shown in Fig. 5, our results indicated that a higher reduction in frequency, and thus a 

higher sensitivity, was achieved in the batch process (Fig. 5.A), compared to the continuous 

process (Fig. 5.B), during Lys immobilization. In the batch process, the 60 s modified ES/GA-

QCM protein immobilization platform showed a linear binding trend for concentrations from 

1–100 ng/mL of Lys (R
2
=0.99). The highest immobilization was achieved at a Lys 

concentration of 335 ng/mL, and the system reached a plateau at 1112±273 Hz, due to the 

accumulation of Lys. In the continuous process, frequency shifts showed that the 60 s 

modified ES/GA-QCM platform displayed a lower sensitivity, but a wider linear binding 

capacity up to a Lys concentration of 250 ng/mL (R
2
=0.98). The highest immobilization was 

achieved at a Lys concentration of 475 ng/mL, and a corresponding frequency shift was found 

at 149±32 Hz. The system reached a plateau at a frequency shift of 164±16 Hz, due to Lys 

accumulation. The RSD% values for all measurements were over 10 %. 

As a result, the frequency response corresponding to the same amount of Lys was higher in 

the batch process than in the continuous process. This might be explained by quantitative and 

kinetic differences in the immobilization of Lys. Due to slow reaction kinetics between amino 

and aldehyde groups, the batch process facilitates the binding of proteins through a longer 

interaction. Moreover, the overloading of proteins on the QCM surface may lead to a 

reduction in sensitivity.  

 

4. Conclusion 

 

In conclusion, we propose a new strategy for simplifying the immobilization of bioactive 

molecules over a mass-sensitive transducer, by employing an infrastructure sensing layer, in 

the form of AL-BSA nanofibers, on QCM surfaces. Thus, we completely eliminate synthetic 

or polymeric methods, and the surfaces consist of a fully natural ultrathin material, containing 

self-functional amino groups. For electrospinning, we propose an 18-kV applied bias, a 0.3 

mL/h flow rate, and a 10 cm tip-to-collector distance as optimal values. By excluding the 

additional chemical functionalization step, the GA activated ES/GA-QCMs allowed us to 

measure the frequency responses caused by the immobilization of the model Lys protein, 

using batch and continuous processes, with good sensitivity and reproducibility. For the 

immobilization of Lys, the highest frequency shifts and lowest RSD were measured as 

1287.0±176.2 Hz and 13.6 % for the 60 s collected ES/GA-QCMs nanofibers. Our frequency 

measurements showed that the binding efficiency is almost 10-fold higher in the batch method 

compared to continuous process for all exposure times, due to the slow reaction kinetics 

between the aldehyde and amino groups. The present surface preparation strategy can be used 

to improve the performance of any type of immunosensor, since biologically active agents can 

bind a natural matrix, and the wet-chemistry step for immobilization is avoided. Furthermore, 

the immobilization of biologically active agents, such as antibodies, for improving mass-

sensitive immunosensors is already under investigation in our research group. 
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Highlights 

• Amyloid-like bovine serum albumin (AL-BSA) nanofibrous membranes were 

used for the first time to modify QCM surfaces.  

• Single-step modification of QCM surfaces was accomplished to eliminate 

multi-stage functionalization by self-functional protein modification, including 

wet chemistry and plasma processing. 

• High sensitivity to mass change on surface against lysozyme was obtained. 

• A real-time protein immobilization platform was built and potential 

immunosensor applications have been discussed. 

 

 




