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A B S T R A C T   

Over the last decades, great effort has gone into developing new biosensor technologies for applications in 
different fields such as disease diagnosis and detection of pollutants in water and food. Global developments in 
robotic, IoT technologies and in healthcare sensors require new flexible sensor technologies that are low cost and 
built from sustainable and reusable or recyclable materials. One of the most promising technologies is based on 
the development of surface acoustic wave (SAW) flexible biosensors, which are highly reproducible, reliable and 
wirelessly controllable. This work presents for the first time a novel aluminum nitride (AlN)-based conformable 
SAW immunosensor fabricated on recyclable polyethylene naphthalate. We apply it to the detection of E.Coli 
using a faster and innovative functionalization method that exploit Protein-A/antibody affinity. A higher 
sensitivity (Limit of detection-LoD, 6.54*105 CFU/ml) of the Lamb wave traveling on the polymeric device has 
been obtained in comparison with SAWs traveling on AlN on silicon substrate (LoD, 1.04*106 CFU/ml). 
Implementation of a finite element method allowed for the estimation of the single E.Coli mass of approximately 
9*10� 13 g. This work demonstrates the high biosensing potential of flexible polymeric SAW devices for bacteria 
contamination control in food chain, water and smart packaging.   

1. Introduction 

Interest in the development of green and biocompatible biosensor 
platforms using inexpensive and recyclable technologies has increased 
recently (Boutry et al., 2019; Han et al., 2019). One strategy is based on 
the use of biocompatible and recyclable polymeric substrates to reduce 
the cost and develop a new compliant biosensor (Jin et al., 2013; 
Lamanna et al., 2019b). The exploitation of recyclable plastics for new 
technology platforms addresses concerns of plastic pollution of the 
environment. In fact, pollution has become one of the most pressing 
environmental issues. To this end, polyesters represent the biggest and 
most promising recyclable plastic class (Soroudi and Jakubowicz, 2013; 
Venkatachalam et al., 2012) widely used for the development of a green 
and biocompatible technology, from food packaging to airspace. Mate
rials engineers are developing new and superior polyesters, such as 
polyethylene naphthalate (PEN), which are applicable, for example, in 

flexible electronics and thermal blankets used on spacecraft, satellites, 
and various space instruments (Arkhireyeva and Hashemi, 2002). The 
development of such green biosensors find application in different fields 
from molecular medicine to the detection of water and food pollutants 
and biological warfare agents (Arlett et al., 2011; Chin et al., 2007; 
Sangroniz et al., 2019). 

In particular, the development of biosensors for Internet of Health
care Things (IoHT) technologies demands the implementation of new 
compliant, low cost, sustainable, and reusable or recyclable materials 
(Garcia et al., 2018; Kim et al., 2019; Lamanna et al., 2019b; Mangayil 
et al., 2017). The biosensor research community is focusing on two main 
goals: the further miniaturization of devices, in order to analyze smaller 
sample quantity (Agostini et al., 2018), and the development of flexible 
and adaptable biosensors (Lamanna et al., 2019a; Lee et al., 2018). The 
exploitation of compliant devices is paving the way to the introduction 
of such sensors in a new generation of medical devices and new, smart 
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packaging with the capability of infection and contamination control 
checks, such as in smart catheters and food smart packaging. Detection 
of pathogenic agents such as bacteria, fungi, and viruses, widely present 
in all the environments is of great interest, in this regard (Xu, 2012). 

Escherichia coli represents one of the most widespread contaminants 
and an important cause of gastrointestinal disease that can include 
complication such as hemorrhagic colitis and hemolytic–uremic syn
drome (Paton et al., 2000) and infection in urological catheters (Fox
man, 2010). For instance, Food and Drug Administration (FDA) and 
European Medicines Agency (EMA) have established microbiological 
standard limits for water and food safety (Moll et al., 2007). Therefore, 
in the food chain control and packaging (Jasson et al., 2010), there is a 
pressing need for such low cost and low power consuming biosensors, 
which are easy to use with the final goal of applying them in large scale 
microbiological screening (Agostini et al., 2018; Bashir, 2004) for use in 
both developed and developing countries. 

The standard techniques for pathogen detection are: selective culture 
and colony counting, polymerase chain reaction (PCR) analysis and 
immuno-based assays. Such techniques have high reliability and 
reproducibility with the capability of single cell detection. However, in 
spite of their high performance, those techniques have drawbacks such 
as the need for expert operators and expensive and time-consuming 
procedures. Among the most common laboratory-based methods, a 
pure microbiological approach as the biological growth on different 
selective media requires up to 7 days (Foudeh et al., 2014; He et al., 
2017; Howe and Harding, 2000); enzyme linked immunosorbent assay 
(ELISA) methods, used for the detection of bacteria down to 103 cells per 
ml, are slow as incubation and washing steps are necessary and they 
need an expert operator (Hobson et al., 1996); PCR can detect bacteria 
down to 10 cells per ml, but the commercially available BAX PCR sys
tems show a limit of detection of 104 CFU per ml and are not yet suffi
ciently rapid as they require between 24 and 26 h (Bailey, 1998). 
Therefore, over the last decades, miniaturized biosensors have become a 
promising alternative thanks to their quick response, cost-effectiveness, 
and manageability (Konry et al., 2012; Xu, 2012). The available devices 
are based on optical detection, cantilevers and quartz crystal mechanical 
detection. In spite of the good performance of the available devices, they 
typically necessitate bulky ancillary instrumentation and/or non-trivial 
optical alignment with resulting high costs (Agostini et al., 2018; Eno
sawa et al., 2003; Fritz et al., 2000). A different class of biosensors is 
based on electrical readout (e.g., impedance sensors, piezoelectric and 
piezo resistive devices); these devices and their control units are 
generally more compact, could allow a real time detection but have the 
drawback of being less sensitive than those based on optical detection 
(Agostini et al., 2018). 

Nowadays, one of the most promising alternative technology in the 
development of biosensors is based on surface acoustic wave (SAW) 
microelectromechanical systems (MEMS) (Rocha-Gaso et al., 2009). The 
value of these devices derives from their intrinsic electromechanical 
piezoelectric transduction, which guarantees high reliability and 
reproducibility (Brand et al., 2015). Moreover, thanks to their extremely 
low power need, they become wirelessly controllable, an essential 
feature in the development of radio-frequency identification devices 
(RFID), widely exploited in the food supply chain and in a large-scale 
fine-monitoring of water (Lamanna et al., 2019b; Niu et al., 2019). 

The SAW devices can be divided into three different categories 
depending on the surface waves exploited: shear horizontal/Love wave 
(SH-SAW) sensors, Rayleigh wave (R-SAW) sensors and Lamb wave (L- 
SAW) sensors. Owing to their in-plane deformation, SH-SAWs are 
exploited for sensing in a liquid environment, allowing real-time 
detection (Li et al., 2017). R-SAWs, in contrast, are widely used in the 
development of gas sensors, because of a higher mass loading sensitivity, 
but they are not suitable for the detection in a liquid environment due to 
damping of the SAWs (Agostini et al., 2018). Finally, L-SAWs travel 
within the piezoelectric layer and are typically observed in suspended 
membranes, that are fragile and difficult to manufacture, or on thin 

piezoelectric layers deposited on polymeric substrates. They can be 
exploited in a liquid environment with the advantage of a high phase 
wave velocity with respect to the previous SAW modes (Fu et al., 2017). 

Several utilizations of SAW devices for bacterial sensing are reported 
in the literature. Many of these are based on thick piezoelectric crystals 
of materials such as LiNbO3, quartz or LiTaO3 (Kim et al., 2012; Moll 
et al., 2007). The high electromechanical coupling of these materials has 
allowed the development of high performance devices despite bulky 
dimensions, high stiffness, and high material cost. In recent years, im
provements of the sputtering deposition process for thin piezoelectric 
materials has been the driving force for the development of thin film 
SAW devices based on zinc oxide (ZnO) and aluminum nitride (AlN) 
grown on rigid substrates, usually silicon (Fu et al., 2017). These ma
terials have the benefit of easy integration in a lab on chip systems at low 
cost (Fu et al., 2017; Zhou et al., 2015). 

The new challenge is the development of a flexible and compliant 
SAW biosensor for the type of applications mentioned earlier in this 
introduction. Polyvinylidene fluoride (PVDF), the most promising 
polymeric piezoelectric material so far, not yet resulted in the devel
opment of flexible SAW devices; in fact, no SAW devices based on PVDF 
have been reported to date. Fortunately, innovations in the deposition 
techniques have allowed the development of a few flexible SAW sensors 
based on AlN and ZnO on polymeric substrates, so far demonstrated in 
thermomechanical sensing by us and others (Jin et al., 2017; Kao et al., 
2003; Lamanna et al., 2019b). The development of such a conformable 
polymeric device, thanks to the recyclability and cost complexity 
reduction, by virtue of passive wireless operation, will be relevant in 
large scale applications such as smart packaging in food chain control, 
bathroom fixture contamination control, and bioreactor control in 
fermentation plants. In fact, these applications need inexpensive 
biosensor to be applied on surfaces, without the necessity of a low LOD 
bacteria detection and a specific surface design. 

In this work, our conformable and transparent AlN based SAW device 
on recyclable PEN substrate (Lamanna et al., 2019b) is improved, and 
developed into a bacterial biosensor. We demonstrate the high sensi
tivity of the L-SAWs (Fu et al., 2017) on the polymeric substrate with the 
sensitivity of the R-SAWs on the silicon substrate for the detection of 
Escherichia coli after drying. We also present a finite element method to 
understand the change of eigenfrequency in relation to the mass loading, 
to estimate the mass of a single cell of Escherichia coli from our device 
measurements. 

2. Materials and methods 

2.1. SAW biosensor 

AlN based SAW delay line devices were fabricated on 125 μm thick 
conformable polyethylene naphthalate (PEN), purchased from Teonex 
(code Q65HA) with one pretreated surface which improves the growth 
adhesion (Teonex®), and on rigid silicon substrates for this biosensor 
development. Details of AlN growth and characterization on PEN have 
been reported previously (Lamanna et al., 2019b) showing high C axis 
orientation, and an effective piezoelectric coefficient of 3.3 p.m. V� 1. In 
this work, the microfabrication process has been improved using AZ 
5214 image reversal photoresist for a lift-off process with an aluminum 
deposition of 100 nm carried out with an E-beam evaporator. The lift-off 
process has the benefit of preserving the AlN surface, important for the 
enhancement of SAW propagation with respect to the dry plasma etch 
treated surface. Besides, aluminum has lower density and lower acoustic 
impedance with respect to molybdenum, providing an improvement in 
the surface acoustic energy confinement (Fu et al., 2017). Each device 
has been designed with two identical interdigital transducers (IDTs) 
consisting of 40 pairs of fingers with a wavelength of 20 μm and a 
metallization ratio of 0.5. The acoustic aperture was fixed at 20 λ with a 
distance between the two IDTs of 20 λ. The devices were connected to 
the VNA (Agilent 8753ES) with a coplanar |Z| Probe with 150 μm pitch. 
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For the sensing application, the R-SAWs were exploited on the silicon 
substrate and the L-SAWs on the PEN substrate. These two different 
modes have been chosen because, as reported in (Lamanna et al., 
2019b), the Rayleigh wave propagation on soft polymeric substrate 
shows a spurious signal not useful in biosensing application, likewise for 
the Lamb wave on silicon. 

L-SAWs on AlN have the advantage of higher sensitivity and higher 
phase wave propagation (around 10000 m/s) (Fu et al., 2017), which 
increases the working frequency in comparison to the R-SAWs, which 
have a phase wave propagation of around 5000 m/s. In fact, higher 
working frequencies lead to better response for similar devices (Fu et al., 
2017). Moreover, in future, Lamb-based SAW devices could find appli
cation in a liquid environment with the development of a proper 
microfluidic system in contrast to the R-SAWs (Fu et al., 2017; Pyun 
et al., 1998). 

2.2. E.Coli growth 

Escherichia coli K-12 strain was purchased from Carolina Biological 
Supply Company. The stock culture was inoculated in a flask of Lur
ia–Bertoni (LB) broth purchased from Sigma-Aldrich. Then, it was 
incubated at 37 �C for 12 h in aerobic conditions (agitation 250 rpm). 
Subsequently, 100 μl was spread in a petri dish of LB agar and a single 
colony was chosen to perform all the experiments. An initial growth 
analysis was performed to ensure that the bacteria are in the exponential 
phase of growth, and therefore in the best metabolic condition, before 
performing the biosensing experiments. This characterization was car
ried out by measuring the optical density (OD) through turbidimetric 
counts at 600 nm and by the counting of colony-forming units (CFU) in 
the LB agar Petri dish (supp.). Bacteria for the sensing test were obtained 
by centrifugation at 4000 rpm for 10 min (Demitri et al., 2017) and 
resuspension in equal volume of sterile phosphate buffered saline (PBS). 
This assures a solution containing mainly whole bacteria compared to 
dead or lysed bacteria and, at the same time, it prevents continuous 
bacterial growth that occurs in the broth. The starting solution for all the 
biosensing experiments was set up at 4.02*108 CFU/ml and serially 
diluted by three times for each measurement point. 

2.3. Surface preparation and bacterial immobilization 

The fabricated SAW devices, consisting in a stack of substrate/AlN/ 

Al-IDTs, were treated with O2 plasma (3 min at 100W); such process 
does not affect the AlN roughness (Rosenberger, 2007). Then immedi
ately soaked in a solution of 2% of 3-aminopropyltriethoxysilane 
(APTES) and 1% water in pure ethyl alcohol (EtOH) for 1 h at room 
temperature. After washing with EtOH and drying in N2 flow, the de
vices were baked at 100 �C for 15 min (Arkles, 2003). This process al
lows for organosilanization of the surface for reproducible protein 
functionalization. After cooling the devices, the delay lines were soaked 
in a solution of 3% terephthalaldehyde (TA) in EtOH for 1 h and then 
washed with EtOH and dried in N2 flow, where TA works as the cross
linker between the organosilanizated surface and protein (Li et al., 
2017). Finally, Protein A (PrA) was conjugated to the surface using a 
solution of 50 μg/ml at RT for 1.5 h (Fig. 1). PrA is used for the 
affinity-based antibody immobilization; it has a high affinity and bind
ing specificity towards the antibody Fc region and promotes the high 
orientation association of the antibody, preventing the denaturation and 
the lack of orientation associated with the physical and covalent anti
body immobilization (Rusmini et al., 2007). After washing thrice with 
PBS, non-specific binding was prevented by blocking sites on the sur
faces with 0.5% bovine serum albumin (BSA) in PBS for 20 min at RT 
(Brorson, 1997; Xiao and Isaacs, 2012). All the functionalization process 
requires about 4–5 h. 

Two different immune-immobilization approaches have been 
investigated using polyclonal antibody (Isotype IgG purchased from Bio- 
Rad Laboratories, Inc.). The first preliminary approach is based on the 
antibody grafting on the SAW devices and subsequent antibody bacteria 
interaction. 50 μg/mL anti-E.Coli antibody was assembled on the surface 
of the SAW device for 45 min at RT. Subsequently, the E. Coli resus
pension was loaded on the device. After 1.5 h, the device was thoroughly 
rinsed with PBS and subsequently with deionized water, for the removal 
of the non-specifically bound cells and salts, respectively. The process is 
completed with drying in a vacuum chamber at 36 �C. This approach has 
shown low bacteria immobilization on the sensor surface, despite this 
kind of interaction usually being exploited in ELISA tests and different 
biosensors (supplementary). Other research groups have faced this 
problem and the main reason can be attributed to the roughness of the 
surface. In particular, Moll et al., (2007) show that a surface roughness 
of around 8 nm, similar to that of our device (Lamanna et al., 2019b), 
explains this issue. To overcome this problem a second approach was 
successfully investigated. It consists in a pre-incubation of the E. Coli 
resuspension with the antibody at a final concentration of 50 μm/ml for 

Fig. 1. Processing steps of surface functionalization: hydroxylation using O2 plasma; organosilanization with APTES; surface activation using crosslinking agent TA; 
Protein-A functionalization and blocking coating with BSA. 
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30 min at 36 �C and then the loading of the solution on the SAW devices 
for 45 min followed by the PBS and DI water washing. The process is 
completed with drying in a vacuum chamber at 36 �C. This approach 
enables a higher bacteria immobilization due to an enhancement of the 
interaction between the antibodies and bacteria in a volumetric reaction 
and a lower hindrance with PrA and the antibody Fc region. Moreover, 
this approach shows 1h time-saving, an important feature in a biosensor. 
The total time required for analyzing one sample is of 1.5h. As a control 
test, the E.Coli resuspensions without antibody were loaded on the de
vices, to evaluate the nonspecific binding of the bacteria cells with the 
surface. All the devices have been used within 24 h from the complete 
immune functionalization, storing the biosensor at 4 �C, to prevent the 
antibody denaturation. Noteworthy, the devices were reconditioned 
after washing (acetone/isopropanol/water) and O2 plasma (10 min 
100W) treatment and successfully reutilized for biosensing at different 
bacteria concentrations. Such process does not affect the AlN surface and 
the PEN substrate, resistant to all these solvent (Teonex; Zardetto et al., 
2011). 

In Fig. 2, surface morphology, acquired by Atomic Force Microscopy 
(AFM, CSI - Nano-Observer Microscope), before and after the surface 
functionalization are reported. The roughness of the samples before the 
functionalization shows a RMS equals to 6.407 nm (skew 0.2194) and 
7.623 nm (skew 0.1733) for silicon (Fig. 2a) and PEN (Fig. 2b), 
respectively. After the functionalization, it has been observed an in
crease of the surface roughness, in particular a RMS equals to 8.563 nm 
(skew � 0.2132) and 9.617 nm (skew � 0.1069) for silicon (Fig. 2c) and 
PEN (Fig. 2d), respectively. The immobilization of the protein A and BSA 
onto the activated substrates covers the granular structure of AlN surface 
and induces an increase of the surface roughness of around 1.6 nm. Such 
behavior is consistent with the data reported in the literature (Grimaldi 
et al., 2016; Klein et al., 2003; Shin et al., 2016). 

3. Result and discussion 

3.1. Microscopic imaging 

The bacteria adhesion on the SAW devices was verified by optical 
microscopy and scanning electron microscopy (SEM) using the Hitachi 
SU 70 instrument. All the picture below are referred to the polymeric- 
based SAW devices and no difference has been observed for the 

silicon-based devices since the AlN surface roughness is comparable for 
both the substrates, as demonstrated by AFM analysis. In Fig. 3 a-d, the 
optical microscopy images show clearly how the exposure of the 
biosensor at different concentrations of E.Coli have a decreasing adhe
sion rate as concentration decreases. In Fig. 3 e-g, SEM images of the 
device loaded with a concentration of 1.34*108 CFU/ml show a uniform 
distribution of the bacteria on the entire biosensor surface at three 
different magnifications. Finally, Fig. 3h shows a 3D schematic repre
sentation of a conformable AlN-based SAW device grafted with E.Coli 
(anti-E.Coli conjugations are highlighted in green). 

3.2. Electroacoustic response of the SAW devices 

Preliminarily, the devices were tested by measuring the transmission 
amplitude signal S21 (Fig. 5a and b). The device fabricated on silicon 
show one clear resonance mode corresponding to the R-SAW propaga
tion around 250 MHz, while the device fabricated on PEN shows two 
clear resonance frequencies corresponding to the propagation of the R- 
SAWs around 180MHz and L-SAWs around 500 MHz. A transmission 
signal higher than 20 db is observed for the R-SAW and L SAW resonance 
modes on silicon and PEN substrate, respectively, with an enhancement 
respect to the previous work (Lamanna et al., 2019b). This improvement 
is due to the aluminum IDTs obtained by a lift-off process, as explained 
previously. To better characterize the biosensing properties of our de
vices, the phase inversion change was taken as a reference to identify the 
resonance shift due to the E. Coli loading change. In the present work, 
the electromechanical resonance shifts of R-SAWs on the silicon sub
strate and the L-SAWs on the PEN substrate have been compared for the 
biosensing of E. Coli. 

All the devices were tested before the functionalization to record the 
reference frequencies f0, after the functionalization and finally after the 
bacteria cells adhesion. All the spectra were acquired 50 times and 
averaged by the Agilent 8753ES. For each concentration, 10 devices 
were tested using both new and reconditioned devices without 
measuring evident difference. The experimental set up, used to study the 
electroacoustic response of the SAW devices, is shown in Fig. 4a; in 
Fig. 4b a representative photo of a conformable PEN-based SAW device 
is reported. 

No significant frequency resonance decrease was observed due to the 
functionalization step (data not reported) because of the low weight 

Figure 2. 3D topographic AFM images a,b) AlN surface on Silicon and PEN respectively; c,d) functionalized AlN surface on Silicon and PEN, respectively.  
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Fig. 3. a-d) optical micrograph of the bacteria adhesion at increasing concentration; e-g) SEM imaging of the grafted bacteria at different magnitude 16k, 4k, and 1k, 
respectively; h) 3D schematic representation of a flexible AlN-based SAW device grafted with E.Coli (anti-E.coli conjugations are highlighted in green). (For inter
pretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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loading of the organosilane-PrA complex (estimated around 10� 19g with 
respect to the bacteria weight, typically estimated around 10� 12-10� 13 g 
(Kaiser et al., 2007; Moll et al., 2007). Noteworthy, the devices used in 
the present work have been employed on a fixed substrate, by a PDMS 
layer, in order to prevent the bending of the device during the mea
surement, which would generate an unwanted resonance change; 
moreover, all the devices have been tested in a controlled environment 
at 25 �C and 30–40% humidity. 

In Fig. 5c and d the S21 phase curves for silicon and PEN are reported, 
respectively. A higher frequency shift is observed for the L-SAWs (�750 
kHz) in comparison to the R-SAWs (�250kHz) due to the higher center 
frequency and sensitivity of the L-SAWs (Fu et al., 2017). Fig. 5e and f 
report the resonance frequency shift (f-f0) as a function of the bacteria 
concentration for silicon and PEN, respectively. The control experiment 
results, carried out without the antibody grafting, are shown in the same 
graphs. The large difference between the measurement and the control 
curves shows the efficiency of the antibody grafting and adhesion thus 
proving the responsivity of our biosensor to E. Coli. The concentration 
vs. frequency calibration curve (Fig. 5e and f) is fitted by an interpola
tion with a sigmoidal curve with an R2 ¼ 1 for both the curve on silicon 
and PEN substrate (dotted curves in Fig. 5e and f). This fitting curve is 
exploited to calculate the Limit of Blank (LoB), Limit of Detection (LoD) 
and Limit of Saturation (LoS) according with Armbruster et al. with a 
95% confidence interval (Armbruster and Pry, 2008). The values are 
reported in Table 1. 

The experimental LoD of our PEN-based SAW device is equivalent to 
the detection limit of 105–106 CFU/ml of SAW devices biosensors pre
sented by other research groups (Rocha-Gaso et al., 2009; Xu, 2012), 
with the advantage of being a conformable, inexpensive and recyclable 
biosensor based on polymeric PEN substrate and an AlN thin film as 
piezoelectric layer. The responsivity to bacteria concentration, in the 
range of 106–108 CFU/ml, is extrapolated from the linear regression 
slope of Δf vs log (CFU): 51.23kHz/log (CFU) with R2 0.989 and 
134.823kHz/log (CFU) with R2 0.995 for silicon and PEN, respectively 
(details in supplementary). 

The L-SAWs on the conformable PEN substrate show a lower LoD and 
a higher LoS compared to those reported by many works (Duhamel et al., 
2006; Lin et al., 2011; Pyun et al., 1998), confirming the high potential 
of the L-SAWs exploited in this work on a polymeric substrate. 
Conformable SAW biosensor could find application, as a disposable 
device, in the monitoring of biofilm (Flemming and Wingender, 2010; 
Watnick and Kolter, 2000) and high contaminated environments such as 
bathroom fixture, industrial fermentation plant and row food chain (fish 
and meat), where the bacteria concentration is reported to be between 
105-107 CFU/ml (Antwi-Agyei and Maalekuu, 2014; Barker and Jones, 
2005; Ranjit and Kung Jr, 2000; Sanjee and Karim, 2016). In this work, 
all the results have been obtained in a controlled environment but a 
frequency shift in SAW can depends on temperature, humidity and 
substrate bending. In future, for the development of a proper conform
able SAW biosensor, environmental sensors will be integrated in order to 

normalize the sensor response in real time. 

3.3. FEM modeling 

To model how the mass loading due to the bacterial adhesion affects 
the SAW propagation, a series of 3D simulations have been carried out 
using the COMSOL multiphysics software. The model used in the pre
vious work (Lamanna et al., 2019b), describing the SAW elemental cell 
of 2 μm � 20 μm, was implemented with the exploitation of a piezo
electric multiphysics with a further added mass layer describing the 
bacteria loading influence (Rao et al., 2012); such elemental cell is 
described in Fig. 6a, where a Rayleigh mode is reported as an example. 
The system has periodic boundary conditions to dictate that the dis
placements be the same along both vertical boundaries of the geometry 
and a fixed boundary condition on the bottom; a tetrahedral mesh has 
been exploited. A parametric sweep analyses of the added mass density 
allowed a study of the change of the main superficial wave resonance. 
The material data used in the FEM model are given in Table 2. This 
modeling is a good approximation to understand the physics of a SAW 
device without the necessity of high computing power, needed to 
simulate the whole device. Such a study allows us to evaluate the overall 
change of the SAWs propagation eigenmodes in relation with the mass 
loading. Such model efficiently describes the SAWs propagations ei
genmodes in an ideal SAW device under test (DUT) without introducing 
the delay line (Hao et al., 2016; Li et al., 2019; Rao et al., 2012; Wang 
et al., 2015). 

A top layer of 2 μm was added as a loading layer (Fig. 6a). In 
particular, we approximated the bacteria adhesion to a slight uniform 
density increase of this layer according the flowing expression: 

ρ¼Nbacteria*ρbacteria (1)  

where ρ is added mass density, ρbacteria is the density supposing there is 
only one bacteria on the surface of the modeled elemental cell 
(bacteria’s mass

volume layer ), with the number of bacteria (Nbacteria) considered in a range 
of 0 and 5. In literature, the E. Coli mass is reported to be in a range 
between 10� 14 g - 10� 11 g in relation to the strain and the residual water 
content (Davis et al., 1973; Kaiser et al., 2007; Moll et al., 2007). In this 
work, the simulations have been carried out supposing a single bacteria 
mass in the order of 10� 13 g. A variable water residual percentage 
content after sample drying has been considered in the simulations by 
supposing a minimum mass of 2*10� 13 g (dried bacteria) and a 
maximum mass of 15*10� 13 g (wet bacteria). The number of bacteria 
were considered to be in the range between 0 bacteria and a maximum 
of 5 bacteria on the elemental cell of the SAW surface. This latter value 
covers the entire modeled area and it was speculated by the microscope 
picture (area highlighted in red in Fig. 6a) and by the dimension of the E. 
Coli (around 2 μm � 0.5 μm) (Allen et al., 2014; Kubitschek, 1990). 
Fig. 6b and c show the simulated curve of the shift for R-SAWs and 
L-SAWs for silicon and PEN substrate, respectively. In particular, the 
upper curves (in red) refer to a mass loading considering a minimum 

Fig. 4. a) Experimental set up, used to study the electroacoustic response of the SAW devices; b) photo of a conformable PEN based SAW device.  
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Fig. 5. a,b) Transfer function amplitude S21 of AlN based SAW devices fabricated on silicon and PEN substrate, respectively; c,d) S21 phase change in relation of 
bacteria mass loading for silicon and PEN devices respectively; e,f) resonance frequency shift in function to the bacteria concentration, with and without antibody 
grafting (blue and black respectively), for R-SAWs on silicon and L-SAWs on PEN, respectively. The reported error bars show the standard deviation. (For inter
pretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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bacteria mass of 2*10� 13 g and the lower curves (in black) refer to a 
maximum bacteria mass of 15*10� 13 g. The experimental curves have 
been overlaid with the modeled plots, with the supposition to have and 
adhesion between zero to four bacteria in the analyzed CFU range. In 
fact, analysis of multiple microscope images excludes the uniform 
coating or clusters of bacteria on the surface and suggests a maximum 
number of bacteria equals to 4 in the elemental cell (e.g. Fig. 3 a-d). It 
was observed how in both the case of the silicon and PEN substrate the 
experimental curve is in the fork traced by the modeled curves of min
imum and maximum bacteria’s mass (Fig. 6b and c), suggesting an in
termediate experimental E.Coli mass. Finally, this model was exploited 
to estimate the E.Coli mass. The best fit (dashed line in Fig. 6) was ob
tained with a mass of 6.16*10� 13 g and 12.61*10� 13 g for rigid silicon 
and conformable PEN substrates, respectively; which suggests a E. Coli 
mass of approximately 9*10� 13 g. 

4. Conclusions 

Conventional laboratory-based methods remain the gold standard 
for bacteria/pathogen detection due to their high sensitivity and selec
tivity. On the other hand, the necessity of rapid and reliable detection 
methods, is becoming a driving force for the development of new 
biosensor technology as witnessed by the surge increase of patent/ 
publication numbers in recent years. In fact, biosensors have great po
tential of becoming effective in daily measurement tools, wearable 
sensing and IoT applications thanks to their quick response and porta
bility. Several key challenges, including selectivity, high sensitivity, 
specificity, and competitive cost, will need to be faced to realize such a 
competitive biosensor. In this framework, our contribution consists in 
the development of a novel conformable AlN-based SAW biosensor. The 
devices were exploited to detect E. Coli bacteria. A new approach for 

Table 1 
Comparison of the L-LoB, LoD, and LoS of the silicon R-SAW and PEN L-SAW 
devices.  

Device LoB (CFU/ml) LoD (CFU/ml) LoS (CFU/ml) 

Silicon substrate 4.22*105 1.04*106 8.33*107 

PEN substrate 3.91*105 6.54*105 1.25*108  

Fig. 6. FEM simulation: a) On the right side it is shown the 3D structure used to perform the COMSOL simulations, corresponding to the red highlighted area in the 
optical micrograph; b,c) These graphics show the mass parametric sweep analysis of the main surface eigenfrequency, with different bacteria mass loading for silicon 
and PEN, respectively. The red curves show the theoretical resonance shift due to a single bacteria mass of 2*10–13g; The black curves show the theoretical resonance 
shift due to a single bacteria mass of 15*10–13g; the dashed curves have been obtained by fitting the real data (green slopes) in the FEM model. (For interpretation of 
the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Table 2 
Material properties used in the FEM modeling.  

Material Density (Kg/m3) Young modulus (GPa) Poisson ratio 

Aluminum 2700 70 0.33 
Silicon 2320 160 0.22 
PEN 1360 12.2 0.49 
AlN 3300 340 0.25 
Mass loading cell Р 10 0.48  
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immunoassay biosensor functionalization is exploited with the advan
tage of time-saving protocol and improvement in the bacteria adhesion 
rate on the device. The method consists of Protein-A graft on the surface, 
followed by the adhesion of E.Coli bacteria pre-mixed with anti-E. Coli 
antibody. The results obtained on polymeric L-SAW-based biosensor are 
compared with a rigid R-SAW-based biosensor. The shift of the reso
nance frequency in SAW-based biosensor in relation to the bacteria CFU 
concentration was used as a detection method. The L-SAWs on the PEN 
substrate show better results as compared to the R-SAWs. In particular, 
an LoD of 1.04*106 and 6.54*105 and an LoS of 8.33*107 and 1.25*108 

have been calculated for silicon and PEN, respectively. FEM simulations 
were developed to understand the mass loading influence on the SAW 
propagation modes. Experimental data were represented by the finite 
element model well, with the E.Coli mass estimated as: 6.16*10� 13 g and 
12.61*10� 13 g on the rigid and flexible substrates, respectively. 

This work represents the first polymer-based conformable SAW de
vice exploited in biosensing. Moreover, the large transmission signal 
amplitude S21 (up to 20 db, sufficient for electronic and communication 
applications (Jin et al., 2013)) and the combination of two biocompat
ible materials, AlN and PEN, could pave the way for the development of 
an inexpensive and recyclable RFID based biosensor to be exploited in 
the food chain, large-scale fine-monitoring of water and smart pack
aging for bacteria contamination control. 
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