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Abstract 

Herein, presents a novel method for the preparation of a Love mode SAW biosensor for the 

selective detection of carcinoembryonic antigen (CEA) using a transuding polymer 

nanocomposite thin film based bioreceptor. Graphene oxide (GO) was synthesized using 

modified Hummer's method and flower-like MoS2 nanoparticles were allowed to grow on the 

2D layers GO. The rGO-MoS2 was further used as a host for the synthesis of Au nanoparticles 

(AuNP) and the final three-component nano-cluster was introduced to the previously 

synthesized polyamic acid diethyl ethanolamine salt precursor. The uniform mixture was 

coated on the delay line area of SAW device and conducted thermal imidization process to 

obtain polyimide nanocomposite. The thickness of the thin film was optimized based on the 

insertion loss and centre frequency  response of the SAW device. Further, anti-CEA self-

assembled monolayer (SAM) based bioreceptor was prepared on the polyimide nanocomposite 

thin film through thioglycolic acid – EDC/NHS immobilization mechanism.  The bioreceptor 

was tested for immunoassay analysis with CEA solution with varying concentrations. The 

LOD of the biosensor was estimated at 0.084 ng/ml. The real-time applicability of the 

biosensor was validated using clinical serum sample analysis and the selectivity was evaluated 

through the affinity test towards other common tumour marking proteins. The biosensor also 

showed excellent stability, only 10% reduction activity was observed till 80th day of storage. 

The antigen-antibody adsorption parameters were also evaluated through Langmuir and 

Freundlich adsorption isotherms.  

Keywords: SAW, Biosensor, Polyimide, Nanocomposite, GO, MoS2, AuNP           
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1. Introduction 

Nanomaterial incorporated conducting polymers have been gained attention from the 

researchers in recent years as transducing media for biosensing application [1-2]. Nanoscale 

metal oxides, noble metal doped metal oxides, carbon-based nanomaterials including graphene 

oxide and CNTs are the common nanomaterials used for this purpose [3-4]. The most widely 

investigated conducting polymers are polyaniline, poly(phenylenevinylene), polypyrrole, 

polyimides and polythiophenes [5-7]. Biosensors based on conducting polymer 

nanocomposites are highly sensitive due to the large surface to volume ratio of the 

nanostructure and shows excellent selectivity when coupled with bio-recognition molecules [8]. 

Nanoparticles can act like electron connector while, matrix polymer can assist selective 

adsorption of target analyte. This makes conducting polymer nanocomposite thin film as an 

efficient biosensing transducing electrode [9]. A thin layer of conducting polymer can act as a 

medium for biomolecular immobilization through electrochemical entrapment, covalent 

immobilization or affinity interactions [10]. Such immobilized biomolecules attract the 

analytes through adsorption process. This may end up as change in mass, optical activity, 

electrical conductivity and temperature around the electrode surface. Such changes can detect 

using a suitable detector. Many research reports are available on the bioreceptor applicability 

of conducting polymer-based nanocomposites as electrochemical, optical, calorimetric and 

piezoelectric biosensors [2].  

In the present contest, we are particularly interested in piezoelectric sensors and more in 

specific, surface acoustic wave (SAW) biosensors due to its highly sensitive, real-time and 

label-free detection capability of biological macromolecules [11]. The popularity of SAW 

device is attributed to its compact size, low cost and easy data analysis as well [12]. SAW 

device finds application in the biosensing of living cells [13], protein-protein interaction study 

[14], analysis of single biomolecular structure [15] and detection of tumour marking proteins 
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[16]. Preparation of bioreceptor on the delay line area of SAW device is vital in case of 

biosensing of molecules with biological origin. The sensitivity, selectivity and stability of the 

SAW biosensor are greatly depending on the performance of the bioreceptor surface [17]. 

Various methods including chemical, inorganic thin film and nanoparticle-based 

immobilizations of bioreceptors are reported in various studies [18-19]. Bioreceptors can be 

prepared through polymer structures as well. Branch and Brozik have been studied on the 

effect of polyimide (PI) and polystyrene (PS) based bioreceptors for the biosensing of Bacillus 

anthracis stimulant and Bacillus thuringiensis [20]. Novolac polymer was used by Gizeli et al. 

for the immobilization of protein to biosence immunoglobulin G [21]. Dextran and 

polyethylene glycol were used for the detection of recombinant human (rh) HER-2/neu [22]. 

Ritter et al. were utilized polystyrene microparticles colloid crystals as a bioreceptor base for 

the protein detection [23]. Polyvinyl alcohol (PVA) and polyvinyl pyrrolidone (PVP) thin films 

also find as effective materials for the SAW bioreceptor preparation as a humidity sensor by 

Buvailo et al. [24].    

In the present study, AuNP-MoS2-rGO nano-cluster doped polyimide nanocomposite (PI/ 

AuNP-MoS2-rGO) was synthesized and studied its application as a bioreceptor base for the 

selective detection of CEA for the first time. CEA is a tumour marking protein associated with 

various types of cancer in the body. Early detection of an abnormal concentration of CEA in 

the human body can be useful for the identification of tumour, understand the growth stage and 

suggest effective treatments [25]. Studies are available on the selective detection of CEA using 

SAW device. However, sensitivity, stability and selectivity of the biosensor still are the popular 

topics to ponder. We have chosen a conducting polymer-based bioreceptor in this perspective 

which can provide better stability to the SAW biosensor. However, polymer-based SAW 

devices have main drawback as high insertion loss and thereby low analysis window [21, 26]. 

To overcome such hurdles we have prepared conducting polymer nanocomposite system in 
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which the nanoparticles can act for better conduction/transduction of acoustic waves 

synergistically with the inherent properties of the matrix polymer [27-28]. rGO and MoS2 are 

proven materials for the signal transduction for biosensing applications [29, 36-37]. 

Additionally, we have used AuNP within the nanocomposite as the reaction nuclei for the 

immobilization of anti-CEA as bioreceptor. SAW device was fabricated by photolithography 

method with double head interdigital transducers. The delay line was modified using PI/AuNP-

MoS2-rGO thin film. The polymer nanocomposite thin film was further converted as a 

bioreceptor through the immobilization of antibody of CEA (anti-CEA) via thioglycolic acid 

bridging using EDC-NHS activation. The AuNP can act as the host for thioglycolic acid 

bridging groups through the covalent linkage between the mercapto part and Au. The prepared 

bioreceptor was further used for immunoassay analysis using CEA solutions with varying 

concentrations from 0.1 ng/ml to 80 ng/ml. Repeatability and long term stability of the device 

also were evaluated. The selectivity of the biosensor was studied using samples of alpha-1-

fetoprotein (AFP), cancer antigen 125 (CA125) and L-tryptophan. The real-time application of 

the biosensor was evaluated using clinical serum samples as well. The Langmuir and 

Freundlich adsorption isotherm was employed for additional validation of the capability of the 

biosensor.  

2. Materials 

N, N dimethylethanolamine (DMEA), pyrometallic dianhydride (PMDA), 4, 4'oxydianiline 

(ODA), N-methyl pyrrolidone (NMP), graphite flakes, KMnO4, Na2MoO4 .2H2O, thiourea, 

thioglycolic acid, ethyl-dimethyl-aminopropyl carbodiimide (EDC), N-Hydroxy Succinimide 

(NHS), human CEA, mouse monoclonal antibodies to human CEA (which is also used in the 

reference ELISA kit), L-Tryptophan, AFP, CA125 and all the common chemicals of analytical 

grade were purchased from Sigma Aldrich. The activity of the CEA was evaluated using 

ELISA tests before using the biosensor based immunoassay analysis. Bovine serum albumin 
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(BSA) was purchased from Sinopharm Chemical Reagent Co., Ltd. China and phosphate 

buffer solution (PBS, 0.01 M, pH 7.2) was obtained from Solarbio Science & Technology Co., 

Ltd. China. The removable chemical protective coating used for the IDTs, Protectapeel, was 

purchased from Spaylat International, UK. Clinical serum samples were provided by Second 

People’s Hospital, Shenzhen, China. 

3. Experimental 

3.1.  Preparation of SAW device 

Single side polished ST-cut quartz crystal with 4 inch in diameter was used to prepare SAW 

devices in the present study. The centre frequency of the device was recorded at 120 MHz. The 

device was prepared with two IDTs at the ends using Au electrode with 150 nm thickness and 

60 finger pairs. The delay line area was maintained at the exact middle of input and output 

IDTs (4mm from each side). The quartz substrate was cleaned using acetone, isopropyl alcohol, 

and deionised (DI) water, followed by drying under nitrogen flow prior to the device 

preparation. A negative UV photoresist (SU-8) was coated on the quartz substrate using spin 

coating method. The thickness of photoresist was maintained at about 2µm by adjusting spin 

coating speed at 2500 rpm for 60 seconds. After the coating the substrate quartz crystal was 

baked at 90°C for 90 minutes and then exposed to UV light source for 2 seconds. In the next 

stage the substrate was baked again for 30 seconds at 95°C and 80s at 102°C. Further, the 

substrate was treated with the developer solution for 40 seconds through immersion method. In 

the final stage the photoresist was removed by washing the substrate using acetone.  

3.2. Synthesis of polyamic acid diethyl ethanolamine salt 

Synthesis of polyamic acid (PAA) precursor has conducted through the conventional aromatic 

diamine - dianhydride reaction method as given in the scheme 1. 1:1 stoichiometric amount 

PMDA and ODA in NMP solvent have taken in 250 ml RB flask attached with an air 

condenser. The reaction mixture was stirred using a magnetic stirrer for 18 hours under an N2 
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atmosphere and normal temperature. The PAA precursor was further modified to PAA diethyl 

ethanolamine salt (PAD) to provide additional polar sites to interact with the nanoparticles to 

be incorporated through the added pendant diethyl ethanolamine group. The conversion was 

conducted by allowing the PAA to interact with DMEA in an air condenser using NMP at 25°C 

for 45 minutes. The resultant yellowish viscous solution of the precursor solution was stored in 

4°C.  

  

Scheme 1: Synthesis route for polyimide precursor 

3.3. Synthesis of rGO doped with MoS2 and AuNP 

GO was synthesized using modified Hummer’s method. A mixture of H2SO4 (36 ml) and 

H3PO4 (4 ml) was added carefully in an RB flask containing graphite flacks (0.3 g) and 

KMnO4 (1.8 g). To avoid over heating due to the exothermic oxidation reaction, the RB flask 

kept in an ice bath. The temperature within the reaction mixture was maintained at 50±3°C 
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using a heater and kept under stirring for 12 hours. Further, the reaction mixture was cooled to 

room temperature and poured into 30% H2O2 solution in an ice bath. The precipitate was 

washed with deionised (DI) water and followed by 0.2 molar HCl. Finally, the GO obtained 

was washed with ethanol and diethyl ether. The GO flakes dried in a vacuum oven for 12 hours 

and stored.  

0.4 g of Na2MoS2 .H2O and 30 mg of GO was dispersed in 30 ml DI water with the help of 

ultrasonication in a 50 ml beaker. 0.63 g thiourea was added to the above reaction mixture and 

sonication was continued for 30 minutes. In the next step, the reaction mixture was transferred 

to a Teflon lined stainless steel autoclave and heated to 220°C using an electric oven for 24 

hours. Further, it was cooled to room temperature and the resulting black precipitate of MoS2-

rGO washed with DI water and ethanol, followed by drying in a vacuum oven at 60°C.  

0.05 g of MoS2-rGO was taken in an RB flask containing 25 ml of DI water. The mixture was 

heated to 90°C and added 2.5 ml of 10.35 mg/ml of sodium citrate followed by 1 ml of 5 

mg/ml aqueous solution of HAuCl4 3H2O. Heating continued for 15 minutes and the resulting 

solution cooled to room temperature using an ice bath. The precipitate of Au nanoparticle 

embedded MoS2-rGO (AuNP-MoS2-rGO) nano-cluster was filtered and washed with DI, 

followed by ethanol. Finally, the nanoparticles were dried in a vacuum oven at 80°C and stored 

at room temperature.  

The nanoparticles were characterized using transmission electron microscope (TEM, Titan 3 

Themis G2, ThermoFisher Scientific) and scanning electron microscope (SEM, Zeiss EVO-

MA) images.    

3.4. AuNP-MoS2-rGO/PI thin-film based SAM preparation     

5 g of polymer precursor was mixed with 5 ml of DMAc and 0.15 g AuNP-MoS2-rGO using 

sonication into uniform dispersion. Immediately after the sonication 10 µL of the 

nanocomposite mixture was placed on the delay line area (1 mm x 5 mm) of the SAW device 
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after covering the IDTs using removable protective coating, Protectapeel. The thin polymer 

nanocomposite film was made by a spin coating method, 10000 rpm for 60 seconds. The thin 

film further underwent stepwise thermal imidization in a vacuum oven at 120°C for 2 hours, 

150°C for 2 hours and 180°C for 1 hour. Then present in-situ polymerization method is a novel 

path to prepare a bioreceptor on a piezoelectric substrate without using corrosive reagents like 

piranha solution and con. H2SO4. Various iterations of the reaction was conducted and 

optimized to maintain the thickness of the film of around 500 ± 25 nm. The device was 

conditioned in room temperature for 12 hours and cleaned using 1N HCl solution and finally 

with DI water. The delay lines of few of the SAW devices were further incubated with 

thioglycolic acid for 4 hours. After the removal of excess thioglycolic acid using DW, the 

delay line was treated with EDC and NHS for surface activation. The layer has further 

incubated with anti-CEA (100 µg/ml) for 4 hours and cleaned with DI water. The remaining 

unreacted NHS-esters were deactivated using 1 M ethanolamine, pH 8.0 solution and washed 

again with DI water. The bioreceptors prepared through this method was stored under sterile 

conditions at 4°C. The chemistry behind the immobilization process is given Scheme 2. The 

morphology of the bioreceptors was characterized using scanning electron microscope (SEM, 

Zeiss EVO-MA), atomic force microscope (AFM, Bruker NanoWizard®4 BioScience) and 

contact angle study(United Test Co., Ltd, CAG100 Contact Angle Goniometer).  
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Scheme 2: Protocol followed for the anti-CEA immobilization on the delay line area of SAW 

device  

3.5. Biosensing immunoassay analysis 

A microfluidic chamber was prepared as given in Figure 1. The device has specially designed 

to connect with a 3 channel sample inlet system, contact points to SAW device and network 

analyser. The total analysis set-up was prepared as given in Figure 1. CEA solutions of 

concentrations ranging from 0.1 ng/ml to 80 ng/ml were used for immunoassay analysis to 

understand the biosensing capability of the biosensors. The immunoassay response in terms of 

change in centre frequency of the SAW device corresponding to the anti-CEA capture was 

recorded using a network analyser, Keysight Technologies, E5071C. An automated sample 

injection system was used to introduce a sample to the SAW biosensor placed in the micro-

fluidic chamber. The flow rate was optimized at 0.05 ml/minute and each test was continued 

until the centre frequency reached an equilibrium plateau. Before exposing the biosensors to 
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CEA samples, treated with bovine serum albumin (BSA) to reduce the undesired adsorptions. 

A predetermined volume of CEA solutions prepared in the PBS was allowed to flow through 

the biosensor surface placed in the microfluidic chamber during each immunoassay analysis. 

Every sample was tested for minimum of 5 runs to evaluate the repeatability, reproducibility 

and estimate the standard deviation. At the end of each immunoassay measurement, the 

bioreceptor washed with PBS to understand the final equilibrium frequency shift. Further, a 

buffer solution containing HCl (0.8M), KCl (0.06M) and glycine 0.06M was used to regenerate 

the bioreceptor surface. Regeneration run was conducted until a stable plateau of centre 

frequency was obtained. Clinical serum samples were tested after optimizing the process of 

immunoassay analysis using known concentrations of CEA solutions. The selectivity of the 

SAW biosensor was tested using immunoassay analysis with a mixture of CEA and other 

common tumour marking proteins such as alpha-1-fetoprotein (AFP), cancer antigen 125 

(CA125) and L-tryptophan. The stability of the SAW biosensor was tested as well. The device 

was stored at 4°C and 50 ± 5% relative humidity and tested for immunoassay analysis after 

every 5 days of intervals till 90 days.  

 

Figure 1: Biosensing set-up used in the present study 
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4. Results and Discussions 

4.1. Synthesis of AuNP-MoS2-rGO/PI 

The successful conversion of graphite layers to AuNP-MoS2-rGO nanoparticles was confirmed 

using morphological analysis. SEM imaging at various stages of the synthesis process was 

recorded and depicted in the Figure 2. The conversion of graphite to GO was conducted 

through modified Hummer’s methods. We could record the images of single flacks of GO as 

given in figure 2. The layer has the longest cross-sectional length of 70 nm. Further, the MoS2 

nano-flowers were synthesized on the GO surface. The formation of MoS2 on the rGO layer is 

visible in the figure, where the flattened surface represents the rGO layer and MoS2 as the 

flower-like structure. The average diameter of well-formed flower-like MoS2 molecules was 

recorded at around 20 nm. In the final step of hybrid nanomaterial synthesis, AuNP was 

allowed to form on the MoS2-rGO structure and the resultant AuNP-MoS2-rGO was imaged 

through SEM. The small spherical type particles of AuNP on the MoS2-rGO surface are visible 

in the figure. The average size of these AuNP formed was measured around 6-10 nm. However, 

the distribution of these three nanomaterials was not well interpreted using SEM. In this view, 

additional evidence for the successful synthesis of the hybrid nanomaterial was collected 

through TEM imaging with elemental mapping.      
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Figure 2: SEM images of graphite, GO, MoS2, MoS2-rGO and AuNP-MoS2-rGO 
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Figure 3: TEM images of graphite, GO, MoS2, MoS2-rGO and AuNP-MoS2-rGO 
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Figure 4: Elemental mapping of AuNP-MoS2-rGO using TEM 
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Figure 3a-e represents the TEM images of GO, MoS2-rGO and AuNP-MoS2-rGO. The images 

of GO and MoS2 has a comparable structure reported by previous studies [29, 30]. The thin 

layers of GO, the petals like parts of MoS2 and the spherical AuNP are identifiable from the 

figures. However, to get a good insight into the formation of final hybrid nanomaterial 

elemental mapping was conducted and the results are given in figure 4. Since the material 

expected to be AuNP-MoS2-rGO, the construction elements should be Au, Mo, C and S. 

Mapping was conducted for the aforementioned elements. Presence and uniform distribution of 

those elements are confirmed through the mapping and the analysis underlines the formation of 

AuNP-MoS2-rGO hybrid nanoparticle. The elemental mapping also gives the idea about the 

uniform distribution of the nanoparticles which will be good for the formation of a stable, 

sensitive and consistent bioreceptor thin film as its polymer nanocomposite form.    

 

Figure 5: FT-IR spectra of PI and PI nanocomposites 

The nanomaterial further incorporated within polymer precursor, coated on the delay line area 

of the SAW device and thermal imidization was conducted as discussed in the experimental 
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section. Formation of PI was confirmed using FT-IR spectroscopy and the spectra of PI and 

AuNP-MoS2-rGO/PI are given in Figure 5. The characteristic imide C-N stretching frequency 

was identified in a region of 1300 cm-1. The C=O stretching corresponding to carboxylic acid 

and ketone functionalities are noted around 1760 cm-1 and 1715 cm-1. Further, aromatic C=C 

(m, m) vibration was identified at 1290 cm-1 as the confirmation of successful formation of PI. 

FT-IR spectra of PI nanocomposite also has taken and confirmed the incorporation of the 

nanomaterials did not make any change in the imidization process or macromolecular 

structure.  

4.2. Bioreceptor preparation 

  

Figure 6: (a) Centre frequency shift during bioreceptor preparation (b) corresponding change 

insertion loss from the base value 

The method of preparation of bioreceptor on the delay line area of SAW device is given in the 

Scheme 2. The AuNP-MoS2-rGO/PI nanocomposite thin film was coated on the delay line and 

thioglycolic acid was allowed to interact with the AuNPs within the thin film. Mandana et al. 

were reported about the bioreceptor preparation on the Au coated SAW device [38]. However, 

the study has been used various chemical methods to trigger the sulphur – Au reaction.  In the 
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present study, we have used a high surface to volume aspect ratio AuNP as the base, which can 

interact more effectively with the mercapto end of the thioglycolic acid than Au coated surface. 

Dense and uniform distribution of AuNP within the nano-cluster, which was identified through 

the TEM elemental mapping analysis, can lead to a uniform and stable base for the 

immobilization of anti-CEA. After each major step of bioreceptor preparation, the centre 

frequency  response of the SAW device was recorded and the same is depicted in Figure 6.    

The centre frequency response was recorded against PBS flow at a flow rate of 0.05 ml/minute. 

The base centre frequency has changed to a large extent after the polymer nanocomposite thin 

film coating on the SAW device as given in the figure 6a. The decrease in centre frequency can 

explain as when a SAW device is covered with the thin layer of dielectric material with less 

shear acoustic velocity than the piezoelectric substrate, the SH-SAW will convert to a guided 

wave known as the Love wave. For a specific frequency, three parameters including mass-

loading (i.e. the mass of thin film deposited), the viscoelastic loading (i.e. the thin film 

viscosity and/or elastic properties) and electrical loading (conductivity of the thin film.) are the 

factors which affect the variation in centre frequency . In the present case, the comprehensive 

effect of these three parameters is expected to determine the final output of centre frequency 

and insertion loss. The thickness of the polymer nanocomposite thin film has maintained at 500 

± 25 nm through optimized spin coating parameters and after various trials. The data comprise 

of the relationship between the frequency shift, insertion loss and thickness of the thin film is 

given in the supportive data (Table S1).  

The major concern for a polymer-coated bioreceptor on piezoelectric devices is large insertion 

loss after the coating of the thin film on the delay line area. This is due to the absorption of the 

acoustic wave by the polymer which has less shear acoustic velocity than the piezoelectric 

substrate. Also, the coating on the piezoelectric material may tend to generate surface 

skimming bulk wave, acoustic wave diffracts into the bulk of the crystal resulting in high loss 
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of energy [26]. However, in the present investigation, the intricacy was overcome through the 

use of the nanomaterial incorporated conducting polymer system, through which insertion loss 

was maintained in a minimum value after the thin film coating of SAW device. The insertion 

loss has shifted only by 3 dB after the polymer nanocomposite thin film coating. The base 

insertion loss of the SAW device was about 18 dB. The minimal increase in insertion loss 

value is pointing out about the support of AuNP-MoS2-rGO/PI polymer nanocomposite for 

accosting wave conduction. Conducting polymers are poly-conjugated macromolecules with 

electronic properties comparable to metals along with retained properties of conventional 

organic polymers. Compared to saturated polymers, conducting polymers have the unique 

electronic pattern, low ionization potentials and high electron affinity [2]. The ground state Π-

bonds of conducting polymers are assumed as partially localized due to a phenomenon called 

the Peierls distortion [5]. When conducting polymers doped with nanoparticles like graphene 

oxide, metal nanoparticles or oxides, the electronic excitation across the (Π – Π*) band gap 

creates self-localized excitation of conjugated polymers with localized electronic states in the 

gap region. These self-localized excitation known as polarons, bipolarons and solitons and 

provides easy conduction of electromagnetic waves [2]. However, the insertion loss was varied 

according to the thickness of the thin film. Based on the insertion loss and centre frequency  

response the thickness of the PI nanocomposite thin film was optimized at 500 nm. As given in 

the table, a further increase in thickness generates a sudden increase in insertion loss, which is 

not favourable for a highly sensitive biosensor. However, the complete formation of the 

bioreceptor (immobilization of anti-CEA), the insertion loss tends to increase by an additional 

loss of 12 dB. This is understandable since the thin film of biological molecules comprise of 

anti-CEA may absorb acoustic wave or create surface skimming bulk wave effect or a 

combination of both, thereby the corresponding increase in insertion loss and decrease in centre 
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frequency . The detailed analysis of the biological thin film of the bioreceptor was conducted 

through morphological imaging by SEM and AFM.    

 

Figure 7: (a) SEM figures of bioreceptor (b) AFM figures of bioreceptor (c) contact angle of 

bioreceptor in comparison with PI nanocomposite thin film surface  

The SEM images of the delay line area after the polymer nanocomposite coating and 

immobilization of anti-CEA are depicted in the Figure 7a. For a comparative purpose, the PI 

thin film morphology also is given in the figure. The pure PI surface was observed smooth, 

apart from some areas of depressions created by solvent trapping. The polymer nanocomposite 
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surface observed uneven throughout the surface, which is due to the presence of nanoparticles 

within the polymer matrix. This has modified in the case of bioreceptor, as a well-formed 

biofilm of anti-CEA changed the morphology to a properly distribute distinct textures 

throughout the delay line area as given in the figure. The AFM images further allowed 

understanding the dimensional details about the thin films formed on the SAW device, Figure 

7b. The average thickness of the AuNP-MoS2-rGO/PI thin film was observed as ~500 nm and 

the total thickness of the bioreceptor was reported as 1300-1400 nm. The polymer 

nanocomposite surface is observed with rough pillars owing to the presence of nanoparticles 

within the PI matrix. However, the added thickness on the surface after the anti-CEA 

immobilization further tends to increase surface roughness. The variation in the surface 

thickness was observed around 800 - 900 nm before and after the bioreceptor preparation. The 

increased thickness within the above-stated range also pointing out that the addition is a 

monolayer of anti-CEA as bioreceptor [39]. In addition to this, the successful formation of 

bioreceptor also confirmed using contact angle measurement of the delay line area. The contact 

angle was measured before and after the preparation of biofilm on the polymer nanocomposite 

thin film. Figure 7c, clearly suggests a huge difference in the contact angle of the surface 

before and after the anti-CEA immobilization. The value was changed from 75° to 22° due to 

the presence of hydrophilic glycoprotein anti-CEA biomolecules. The polar centres of the anti-

CEA molecules can attract water molecules so that the contact angle of the delay line was 

abruptly reduced to a smaller value.                 

4.3. Immunoassay analysis of the biosensor 

The immunoassay analysis was conducted using various concentrations of CEA samples 

ranging from 0.05 ng/ml to 80 ng/ml to understand the upper and lower limit of the newly 

prepared biosensor. The results were recorded as the change in the centre frequency of the 

SAW device w.r.t the concentration of analyzed CEA sample. The successful adsorption of 
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CEA molecules on the bioreceptor surface expected to reduce the centre frequency of the 

acoustic wave. A practical lower limit of 0.1 ng/ml was obtained since the biosensor didn't 

respond to the CEA solution beyond this concentration. The upper limit of saturation was 

observed after 80 ng/ml of CEA sample solution. As discussed in the experimental section 

multiple immunoassay runs were conducted for each CEA sample with a specific concentration 

and mean value of centre frequency difference was calculated and used to characterize the 

biosensor. One example of such response observed for each concentration (0.1 to 80 ng/ml) is 

depicted in Figure 8a, also the cycle of analysis is given in 8c.  Figure 8b represents the 

average values of overall analysis conducted for each concentration and Figure 8d is the log-

log calibration plot for the biosensing analysis conducted. The centre frequency changes 

linearly with the change concentration of CEA solution. The biosensor was responded with a 

frequency difference (∆f) of around 150 Hz from the base bioreceptor frequency against the 0.1 

ng/ml of CEA sample solution. Further, the shift in centre frequency has given a linear 

decrease with the increase in w.r.t the concentration of CEA and a corresponding linear 

increase in the difference in centre frequency from the based value of the bioreceptor. The limit 

of detection of the biosensor was calculated at 0.084 ng/ml using the following formula, LOD 

= 3 x σ/Sensitivity [31]. The regression coefficient (R2) was calculated as 0.9778. The average 

values of centre frequency response were compared with an Au coated SAW biosensor and 

results are given in the supportive data (table S2). The sensitivity in terms of centre frequency 

response found much larger for the present biosensor as compared to the Au coated SAW 

device based biosensor. Better exposure of the high aspect ratio Au nanoparticles on the PI 

nanocomposite thin film creates many numbers of reaction sites than Au coated surface. 

Additionally, better transduction and conduction acoustic wave through the conducting 

polymer-based nanocomposite system also contributed to the better response to the antigen-

antibody reaction. Such a synergistic effect ultimately leads to the one of the least value of 
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LOD for the present biosensor among the various piezoelectric biosensors reported for CEA 

detection. The LOD values are compared with the other reported piezoelectric biosensors for 

CEA and given as Table S3. The efficiency of the biosensor was also evaluated by comparing 

the experimentally deposited mass of CEA on the biosensor during each immunoassay analysis 

with total mass of CEA molecules flowed (theoretical) through the device. Theoretical values 

calculated by estimating the overall volume of a known concentration of CEA solution flown 

through a biosensor for a fixed time period. The deposited mass on the biosensor in real during 

immunoassay analysis was calculated as per the method suggested by Li et al. [31]. The results 

are given in Table 1 and the experimentally measured data is in good agreement with the 

theoretical values.  

Table 1: Comparison of the experimentally calculated deposited mass on the biosensor with 

theoretical values  

The concentration of CEA 

stock solution ( ng/ml)     

Experimental value (ng) Theoretically calculated 

value (ng) 

0.1 0.26±0.03 0.3 

0.5 1.31±0.15 1.5 

1 2.81±0.16 3 

5 14.16±0.5 15 

10 26.9±2.4 30 

20 56.45±2.8 60 

30 84.5±4.5 90 

40 117.45±2.6 120 

50 148.6±1.0 150 

60 175.1±3.8 180 
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70 204.5±5.1 210 

80 235.2±3.6 240 

 

 

Figure 8: (a) immunoassay response of the biosensor to various concentrations of CEA (b) 

Variation of centre frequency  from the base frequency for each concentration of CEA (c) 

centre frequency  shift during the cycle of analysis (d) log-log calibration plot for the present 

set of analysis 

The adsorption parameters to understand the CEA interaction with the anti-CEA at the 

bioreceptor interface can be evaluated through Langmuir and Freundlich isotherms, [32, 33].  

Langmuir adsorption isotherm is stated as,      
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Ce/qe = (1/q0b) + (Ce/q0) 

Ce - Equilibrium concentration (mg/L) of CEA stock solutions,  

qe - Equilibrium sorption capacity (mg mg−1)  

q0 - Indicates the real sorption capacity (mg mg−1) of the biosensor  

b - Measure of energy of sorption (L mmol−1).  

The quantity of the constant values is taken from the available literature [32, 33].  

 

Figure 9: Langmuir and Freundlich adsorption isotherms 

The isotherm curves were plotted as Ce/qe v/s Ce and given in Figure 9. The slop and intercepts 

were calculated to be 2.37 mmol/g and 2.89 L mmol−1 respectively. The values represent the 

adsorption capacity and the energy of adsorption of CEA on the antibody bioreceptor 

respectively. Also based on the data from the isotherm kinetic constants of adsorption (ka) and 

desorption (kd) were calculated as 3124 ± 874 L mol−1 s−1 and 7.43 ± 1.28) × 10−4 s−1 [34]. The 

dissociation constant was calculated as a non-zero value, which suggests an existing 

equilibrium within the interface of A-CEA – CEA during the immunoassay analysis. 

Additionally, the free energy of adsorption (∆Gsorption) was calculated as well at -6.3 ±0.81 kcal 



26 

 

mol-1, which is a comparable value with the previous analysis reported for a favourable 

adsorption process [34].  

Freundlich adsorption isotherm is the modified form of Langmuir isotherm which seemed to be 

more appropriate to define the liquid state biomolecular interaction parameters [33]. According 

to Freundlich adsorption isotherm, 

ln qe = ln Kf + (1/n) ln Ce 

Kf  - Constant represents the adsorption capacity 

n -  Intensity of adsorption process 

The isotherm was plotted as ln qe v/s ln Ce (figure 9), isotherms suggest the sorption process of 

CEA on the anti-CEA bioreceptor follows Freundlich adsorption isotherm in a better way than 

the Langmuir. The adsorption capacity at 0.612 and the intensity of adsorption at 3.54 was 

calculated respectively as slop and intercept of the isotherm. The dimensionless constant 

separation factor “RL” also can be calculated through Freundlich isotherm parameters which 

can give insight to the favourability of the adsorption process on the present bioreceptor 

interface during the immunoassay analysis. “RL,” value can be obtained as [34], 

RL = 1/(1 + xC0), “x” is termed as the energy or the intensity of the sorption process. The 

isotherm fit is the major factor to determine the value of RL. More the linearity better will be 

the possibility to undergo the adsorption process.  

RL > 1, Adsorption termed as unfavourable  

RL = 1, linear  

0 < RL < 1, favourable  

RL = 0, irreversible.  

In the present study, the RL value was calculated as 0.904 which suggests a favourable 

adsorption process according to the concept. Overall both the isotherms parameters suggested a 

favorable adsorption conditions for CEA on the anti-CEA based bioreceptor.     
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4.4. Analysis of clinical serum samples 

The real-time analysis ability of the biosensor prepared in the present study was evaluated 

through clinical serum sample analysis. The analysis was conducted with the support of the 

Second People's hospital, Shenzhen China. Hospital has provided 15 serum samples and the 

samples were collected and analyzed as a part of preliminary examination for colorectal cancer 

diagnosis. The samples were analyzed using the biosensor as well as the regular analysis, 

ELISA method. The samples for analysis were prepared by adding 0.5 mL serum in 2 mL of 

PBS solution with a pH value of 7.4. Results from both the analysis method are depicted in 

Table 2. According to the results, only 4 samples were suspected to contain an abnormal 

amount of CEA concentration. Sample number 1, 4, 5 and 15 have CEA concentration of 28.56, 

37.63, 29.91 and 36.58 ng/ml respectively. Another two samples (11 and 12) with a marginally 

higher concentration than normal average values were reported at 12.74 and 13.61 ng/ml. In 

this view, the above mentioned 6 samples were suggested for further detailed analysis. The 

results obtained from the present biosensor are in good agreement with the results obtained 

through the ELISA method. The major advantages of the biosensor analysis are the consistency 

in the results and time of analysis. The standard deviations obtained for biosensor analysis are 

smaller than that of ELISA method. The time of analysis found way better than ELISA as the 

later took an average of 6-8 hours where the biosensor analyzes within 40-60 minutes.       

Table 2: Validation of the biosensor using clinical serum sample analysis 

Sample No. 
SAW Biosensor results 

(ng/ml) 
ELISA (ng/ml) 

1 28.56±2.26 28.93 ±4.16 

2 2.52±0.38 2.67 ±0.57 

3 4.68±0.28 4.91 ±0.46 
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4 37.63±2.16 38.03 ±4.52 

5 29.91±3.79 29.51 ±5.68 

6 3.39±0.23 3.48 ±0.44 

7 4.73±0.38 4.58 ±0.59 

8 3.77±0.21 3.93 ±0.48 

9 4.76±0.35 4.99 ±0.51 

10 2.18±0.15 2.48 ±0.46 

11 12.74±1.36 13.20 ±2.73 

12 13.61±1.85 13.31 ±4.33 

13 4.35±0.54 4.52±1.22 

14 4.35±0.58 4.52±1.31 

15 36.58±3.34 36.89±5.61 

 

4.5. The selectivity of the biosensor     

 

Figure 10: Selectivity analysis of the biosensor (b) stability study of the biosensor 
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The selectivity analysis of the biosensor was conducted through the immunoassay analysis of 

CEA in the presence of some of the other common tumour marking proteins. We have opted 

three protein molecules including alpha-1-fetoprotein (AFP), cancer antigen 125 (CA125) and 

L-tryptophan for this study. Various combinations of these samples were prepared as given in 

the Table S4 and immunoassay runs were conducted. A representative image of selectivity 

analysis sample numbers 4, 5 and 6 is given in Figure 10a. According to the results, the 

biosensor didn't show any considerable affinity towards the other tumour marking proteins. 

The equilibrium frequency shift obtained for each immunoassay run was within the range 

obtained from the pure CEA solution. The results suggest the prepared biosensor has a good 

selectivity towards CEA tumour marking proteins and it has a negligible affinity on the other 

tumour proteins.    

4.6. Long term stability of the Biosensor 

The storage capability and long term applicability of the biosensor were evaluated for 90 days. 

A batch of 10 PI nanocomposite based biosensors was used for this study and the immunoassay 

evaluation was conducted at every 5 days of intervals to understand the consistency in the 

results. The samples were stored in sterile conditions at 4°C after each immunoassay analysis. 

The average value of biosensing performance in terms of centre frequency  shift was estimated 

in comparison with the initial day value. The percentage of decrease in a frequency shift of the 

immunoassay response is depicted in the Figure 10b. The biosensor did not show any 

considerable variation in the results within a period of 25 days. Within this period the variation 

in centre frequency  decrease was only up to 3%. The PI nanocomposite thin film can provide a 

stable platform for the formation of receptor which ultimately results in high stability for the 

bioreceptor in addition to the high sensitivity towards CEA molecules.  Further, till 65th day a 

maximum of 7% variation was observed and at the end of the analysis period, 90th day the 

variation was estimated at around 13%. A comparative study of stability conducted using 
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biosensor prepared on gold-coated delay line is given in the supportive data Table S5. The gold 

coated biosensors reported around 25% variation in the centre frequency  response at around 

35th day and become unresponsive after 40th day.  

5. Conclusion 

A novel polymer nanocomposite thin film was synthesized using PI, rGO, MoS2 and AnNP and 

successfully utilized the thin film as a transuding bioreceptor base for the preparation of a 

liquid state love mode SAW biosensor for the selective detection of CEA. The PI 

nanocomposite thin film was coated on the delay line area of the SAW device specifically 

prepared for this study through photolithography method using an AT quartz crystal. 

Conducting polymer-based nanocomposite system has well supported to overcome the usual 

hurdle of high insertion loss for polymer-based SAW analysis. The inherent quality of the 

conducting polymers, rGO and MoS2 have allowed the passage of love wave from the input to 

output IDT through the polymer nanocomposite coated delay line of SAW device without 

much loss in intensity. A maximum change in insertion loss of 3 dB was optimized for PI 

nanocomposite coating. Further, the bioreceptor of a self-assembled monolayer of anti-CEA 

was prepared via thioglycolic acid – EDC/NHS mechanism. The high aspect ratio AuNP’s 

were acted like active reaction sites for thioglycolic acid attack and facilitate the formation of a 

dense biofilm of anti-CEA monolayer on the PI nanocomposite thin film. This ultimately 

results in a positive effect on the sensitivity and stability of the biosensor. The biosensor was 

validated for CEA sensing using a specially designed sample micro-fluidic system and a 

network analyzer. The biosensor has recorded a limit of detection value at 0.084 ng/ml and 

upper saturation point of 80 ng/ml of CEA concentration. With the support of good 

transduction capability of MoS2 and rGO coupled with PI conducting polymer, the sensitivity 

in terms of variation in centre frequency w.r.t the base frequency of the bioreceptor was 

reported excellent for each sample of CEA. The biosensor has reported excellent selectivity 
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towards CEA and showed the least affinity towards the common tumour marking proteins like 

AFP, CA 125 and L-tryptophan. One of the most notable outcomes of the present study other 

than LOD is the exceptional stability of the present biosensor. The biosensor exhibited stable 

performance over 70-80 days without reporting much decrease in biosensing performance. The 

adsorption parameters like Ka and Kd were calculated as 3124 ± 874 L mol−1 s−1 and 7.43 ± 

1.28) × 10−4 s−1 respectively using Langmuir adsorption isotherm. The nonzero Kd value has 

suggested the existing equilibrium between the forward and backward reaction. The free 

energy of adsorption was estimated as -6.3 ±0.81 kcal mol-1, which also suggests a favourable 

condition for antigen-antibodydy interaction. The findings were further confirmed using 

Freundlich adsorption isotherm as well.     
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Highlights 

� A novel nanomaterial cluster of AuNP-MoS2-rGO was synthesised 

� Transducing bioreceptor base of PI/ AuNP-MoS2-rGO was synthesised  

� A thin film of the same was used for biosensing of CEA successfully 

� Limit of detection was obtained at 0.084 ng/ml.   

� The biosensor has recorded excellent stability for 70-80 days 

�  The biosensor was validated through clinical serum sample analysis  

� The results were in line with the ELISA results of same samples.  

� The biosensor has excellent selectivity towards CEA 

� The study is validated with Langmuir and Freundlich adsorption isotherms.   
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