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Abstract 

The impact of different gold nanoparticles (GNPs) structures on the plasmonic enhancement for 

DNA detection is investigated on a few-layer graphene (FLG) surface plasmon resonance (SPR) 

sensor. Two distinct structures of gold nanourchins (GNu) and gold nanorods (GNr) were used to 

bind the uniquely designed single-stranded probe DNA (ssDNA) of Mycobacterium tuberculosis 

complex (MTBC) DNA. The two types of GNPs-ssDNA mixture were adsorbed onto the FLG-

coated SPR sensor through the π-π stacking force between the ssDNA and the graphene layer. In 

the presence of the complementary single-stranded DNA (cssDNA), the hybridization process took 

place and gradually removed the probes from the graphene surface. From SPR sensor preparation, 

the annealing process of the Au layer of the SPR sensor effectively enhanced the FLG coverage 

leading to a higher load of the probe DNA onto the sensing interface. The FLG was shown effective 

in providing a larger surface area for biomolecular capture due to its roughness. Carried out in the 

DNA hybridization study with SPR sensor, GNu, with its rough and spikey structures, significantly 

reinforced the overall DNA hybridization signal than the GNr with smooth superficies, especially 

in capturing the probe DNA. The DNA hybridization detection assisted by GNu reached the 

femtomolar range limit of detection (LoD). An optical simulation validated the extreme plasmonic 

field enhancement at the tip of the GNu spicules. The overall integrated approach of graphene-

based SPR sensor and GNu-assisted DNA detection provided the proof-of-concept for the 

possibility for Tuberculosis disease screening using a low-cost and portable system potentially 

applied in a remote or the third world countries. 

Keywords:  

DNA biosensor, Mycobacterium tuberculosis, few-layer graphene, surface plasmon resonance, 

gold nanourchins, gold nanorods 
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1. Introduction 

 

The world-shattering Coronavirus disease (COVID-19) pandemic has been an important 

reminder for the urging needs on the rapid screening and diagnostic methods of respiratory and 

airborne pathogens infection [1–3]. Another major threat from the respiratory disease class is 

Tuberculosis (TB) infection, which typically spreads in numbers of poor and developing countries 

[4]. The shot-up of the morbidity and mortality rate of TB was predicted to increase significantly 

as the consequence of the reallocation of resources for the COVID-19 pandemic worldwide[5,6]. 

The M. tuberculosis complex (MTBC) bacterium is highly noticed as the pathogenic species 

causing the tuberculosis disease. It has been declared to bring out deadly effects that have infected 

almost a quarter of the world population, dominantly in the low-middle income countries in Africa, 

Asia, South America, and Eastern Europe[3,4]. Unfortunately, the human-to-human airborne 

transmission of this bacterium makes it hard to be tested in a rapid diagnostic or screening protocol. 

One of the well-known DNA sequence biomarkers of the MTBC is the fragment of IS6110, which 

is stable for decades from the mutation genetic part, and extremely specific to the MTBC species. 

This fragment exists in several copies in different locations of the MTBC genomic profile. This 

versatility has made this sequence a favorable biomarker for the PCR and sequence-based 

screening diagnostics.  

The polymerase chain reaction (PCR), as the golden standard for quantification of the 

pathogen through specific nucleic acid amplification, is still regarded indirect, laborious, and 

expensive. These drawbacks have been the main challenges for the middle-low income countries 

to perform the routine and extensive PCR tests in society[1,7]. Additionally, the typical bench-top 

PCR system is far from portability means to be applied for TB cases, which most likely occur in 
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remote and harsh sites. Biosensor technology has been long spotlighted to provide an alternative 

to the time-consuming standard diagnostic methods, and its growth has been momentously 

accelerated by the current pandemic situation toward the realization of the next-generation 

diagnostics methods. Among myriads of disease biomarkers, the preference of the nucleic acid 

biomarker from the antigen is highly advantageous because its base-pairing hybridization is highly 

specific and robust [8] and easy to be functionalized with nanoparticles and other surfaces [9]. On 

the other hand, the detection of serology biomarkers requires complicated purification-separation 

protocols due to the complex protein matrices in blood or body liquid[10,11].  

In the application of DNA on a biosensor, the uniform surface coverage by probe DNA 

molecules is essential to achieve the overall inherent biorecognition signal after hybridization with 

the target. The interfacial engineering for biomolecular captures, such as via cross-linking agent 

[12], electrostatic attraction [13], nanoparticles (NPs)-assisted capture [14], and many other 

methods have been crucially developed to achieve the best sensing device performance. Gowtham 

et al. reported that the mechanism of nucleobases physical absorption onto graphene and carbon 

nanotubes. Adenine (A), Thymine (T), Cytosine (C), and Guanine (G) interaction between the 

graphene layer were dominated by the molecular polarizability, which played a vital role in an 

attractive dispersion force between these materials[15]. The orientation of the binding was reported 

almost parallel to the graphene layer with a separation distance around 3.5 Å, and it indicated the 

interaction characteristic for the π-π stacking mechanism[15,16]. The aptamer binding on graphene 

was also studied for the α-thrombin monitoring application. The aptamer probes were 

functionalized by the amine or sulfide group and adsorbed on the graphene surface by the π-π 

stacking force mechanism. Subsequently, the presence of the α-thrombins attracted the labeled-

aptamer from the graphene surface due to a massive covalent bond between the amino or sulfide 
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group to the α -thrombin[17]. In addition, the nanomolar and sub-nanomolar range detection of 

DNA hybridization were reported as well by the use of graphene for surface-assisted adsorption 

of the DNA strand[18,19].  

The utilization of solution-based graphene. Such as graphene oxide (GO) for capturing the 

DNA strands via the π-π interaction was highly regarded as a simple and low-cost approach to 

initialize the biomolecular recognition on the sensor´s interface [20–22]. A significant challenge 

in working with solution-based graphene is transferring onto another solid substrate, such as the 

gold (Au) layer, typically used in the surface plasmon resonance (SPR) sensing setup. Song et al. 

recommended the improvement of the  Au {111} crystallization on the surface to enhance the 

adsorption energy of the graphene onto the gold layer [23]. Another method emphasized the high 

possibility for colloidal graphene onto the Au SPR. chip through metal-carbon bonding with a 

considerably high uniform coverage rate [20]. The application of deformed multi-layer graphene 

for effective biomolecular capture was also studied by Hwang et al., who successfully created 

electronic hotspots from the capture of DNA on the crumpled graphene layer [24].   

Among the metallic nanoparticle clusters, AuNPs have gained significant attention to be 

combined with DNA in numbers of sensing platforms, such as in electrochemical, transistor-based, 

and optical sensors due to their high bio-affinity, chemical and physical stability, surface area to 

volume ratio, and excellent optical features [25–31]. Specifically, the plasmonic enhancement 

from AuNPs has been applied in a variety of optical sensing setups, such as in SPR, 

photoluminescence, and surface-enhanced Raman spectroscopy (SERS) biosensors showing 

ultrasensitive DNA or aptamer detection[20,32–35]. The plasmonic coupling is predominantly 

defined by nature, size, shape, structure, composition, and aspect ratio of the NPs and the 

environment dielectric constant and inter-spatial arrangement within the NPs on a solid surface 
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[36]. Some studies reported the remarkable electric field enhancement of branched AuNPs with 

protruding spikes and sharp tips useful in biosensing configuration [37,38].  

In this article, we presented the proof-of-concept of the MTBC screening method, using 

FLG on an SPR sensing system. The biorecognition signal from DNA was assisted by the tagging 

of probe DNA with gold nanoparticles (GNPs) with two distinct structures, gold nanourchins 

(GNu) or gold nanorods (GNr), to be adsorbed onto the FLG layer via the π- π stacking. The 

hybridization event with the target DNA was checked through the release of the gold 

nanostructures-tagged probe from the sensing interface. The plasmonic activity from both gold 

nanostructures was compared, and it was denoted that the GNu provided the most significant 

enhancement with an impressive limit of detection (LoD). The proposed work combined both the 

ease of solution-based graphene integration onto the portable SPR chip and the facile detection 

methods for nucleic acid-based Tuberculosis detection. Among experimental using clinical 

samples of the infectious diseases, that the future outlook will be performed in the high biosafety 

level laboratory, the screening and detection using biosensor technology can be a potential 

approach. Moreover, the modular biosensing technology with the feature of components 

disposability can be an advantage to avoid contamination during the measurements. 

 

2. Material and method 

The primary platform of the portable SPR biosensor utilizing organic light source in this 

experiment was described in our previous reports and depicted in Fig. 1[39]. Modular based 

instruments and its portability offer an advantage for the real detection scheme of MTBC, which 
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commonly occurs in the remote area or third world countries. The disposability of the modular 

component is beneficial for the handling of the toxicity of the samples. 

 

2.1. Material and Instruments 

Graphene powder and its dispersion solution were purchased from Angstron Materials Inc. 

(Ohio, USA). The GNu with 70 nm size and GNr with the aspect ratio of 2.5 were bought from 

NanoSeedz (Hongkong, P.R.C). DNA sequences were purchased from Purigo Biotechnology Co. 

(Taipei, Taiwan). The DNA probe and target sequences were derived from the MTBC DNA 

fragment IS6110. The single-stranded (ssDNA) probe sequence used in this study was SH-

CGTGCGGCTA TTACGAGGAC TCCACGCTGG (30 mers). The sequence of the 

complementary ssDNA (cssDNA) target was CCGAT AATGCTCCTG AGGTGCGACC (25 

mers). In comparison, the sequence of mismatched single-stranded DNA (mssDNA) utilized in the 

specificity test was ACAGC ATTGCGCGTT CAGACACCGC (25 mers). The target DNA strand 

had been designed with shorter sequences (5-mers shorter) to accommodate the spacing activity in 

the probe DNA. The phosphate buffer saline (PBS) tablet from Sigma Aldrich (Missouri, US) was 

employed to produce the PBS buffer solution. NaCl, K2HPO4, and KH2PO4 for salt buffer solution 

were purchased from Sigma Aldrich (Missouri, US). The RAMaker system from Protrustech was 

applied to perform Raman spectroscopy.Co, Ltd (Tainan City, Taiwan) with charge-coupled 

device (CCD) camera system and coupled with Olympus microscope body. The collimation of 

light excitation was performed by 100 times objective lens (NA 0.5). The laser power source was 

100 mW, the exposure time was 2 seconds, and the accumulation number is 3. The electron 

microscopy image was obtained from the field-emission scanning electron microscope (FESEM) 

with the instrument series of JSM-7500F (JEOL co., Tokyo, Japan), transmission electron 
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microscopes (TEM) with the instrument type of JEOL JEM-1230 and JEOL JEM-2100 PLUS 

(JEOL co., Tokyo, Japan). The Finite-difference time-domain (FDTD) simulation was performed 

by Lumerical (Pensylvania, US). 

Figure 1 is preferred in this location 

2.2. Sensing chip preparation 

A gold sensing chip was prepared and produced based on the protocol explained in our 

previous reports [40]. Next, the chip was annealed in the baking chamber at 300 °C for 30 min 

with a very slow ramp-up of the temperature, followed by an immediate quenching process by 

exposing it to the N2 gas at 20 °C. The quenching ramp-down temperature should be carefully 

handled to avoid substrate crack. The annealing-quenching step are critical for improving Au 

{111} crystallization[23,41]. The dispersant solution of graphene was diluted in the Deionized 

(DI) water to reach a 1% concentration. To prepare the FLG solution, the graphene powder was 

then dispersed in 1% of the dispersant solution until reaching the concentration of 0.1 mg/mL 

before the ultrasonic treatment for 20 mins. Subsequently, the FLG solution was dropped on the 

sensing surface and baked at 80 °C (the boiling temperature point of the solution was avoided) 

until the dryness of the sensing layer was obtained. 

 

2.3. The DNA immobilization and detection 

In this study, the ssDNA probe was tagged with the GNu before the adsorption onto the 

sensing membrane. First, a 70 nM GNu solution was centrifuged and suspended in the PBS 

solution with a rotation speed of 700 G for 30 minutes. The GNu solution was then mixed with the 

ssDNA in PBS until the final concentration of 100 nM ssDNA was reached. This mixed solution 
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was kept at room temperature for 20-24 hours to allow the effective covalent binding between 

GNu and ssDNA probe. The target DNA was prepared through a serial dilution using the salt 

buffer to complete a series of concentrations from 100 fM to 100 nM. The salt buffer for target 

dilution was prepared by mixing 1 M K2HPO4 and 1 M KH2PO4 in a 1 M NaCl solution. For GNr-

assisted DNA detection, similar stages were applied by replacing the GNu with GNr solution. 

 

3. Results and discussion 

3.1. Few-layer graphene (FLG) deposition on Au SPR chip 

The deposition of graphene was notably pivotal in interfacing DNA oligonucleotides onto 

the SPR sensing system. We observed that the drop-casting deposition of the FLG solution onto 

the Au sensing chip of the portable SPR sensor had favorably resulted in graphene with a few-

layer structure. In Fig S1a, the optical microscopy figure showed a considerably uniform coverage 

of FLG on the Au layer, indicated by the homogenous transparent color spread onto the surface 

with tiny clumped particles over it. The surface morphologies visualized by FESEM in Fig S2 

demonstrates the FLG on top of the Au chip,  indicated by some visible creases on the surface with 

contrast seen to the Au layer without graphene on top.  The FLG structure is typically found in the 

drop-casting method as a result of the graphene film wrinkling due to the surface tension of water 

when the evaporation takes place during drying protocols [42]. It is noteworthy that the wrinkled 

structure of graphene is ascribed to the defects and holes in the lattice of tetrahedral sp3 hybridized 

carbon atoms providing extra bonds that finally form the atomically rough graphene sheets as 

compared to pristine graphene[43,44]. Raman detection of the FLG film in Fig S2 presents a 

substantial uniformity of graphene coverage by considerably similar spectral features taken at three 

different sites. The graphene fingerprint peaks, such as a visible 2D (~2680 cm-1), considerably 
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sharp G (~1571 cm-1), and an intense D (~1340 cm-1) peaks ascribing to the phonons coupling with 

two opposite wave vectors, sp2 carbon and sp3 carbon, respectively[45], were observed.  The lesser 

intensity of 2D than the G peak indicates the few-layer graphene formation [46,47], and the highly 

pronounced D peak (defects), as well as small 2D peak, is attributed to the defects due to the 

removal of oxygen in the basal plane [45,48]. The rough graphene sheet would be beneficial in 

trapping the probe due to the high surface area in the next stage of surface functionalization. This 

FLG solution drop-casting method holds a potency for a straightforward and brief process for 

graphene-based SPR biosensor development.   

Figure 2 is preferred in this location 

3.2. Absorption profiles of GNu and GNr. 

The architectural building block of the gold nanostructures greatly determines its optical 

properties. The transmission electron micrograph (TEM) in Fig 2 inset shows that the GNu consists 

of poly-branch tips with an approximate tip-to-tip diameter of around 70-80 nm. The absorption 

spectra of GNu and GNr in the PBS medium are demonstrated in Fig. 2. The GNu absorption 

appears optimally at around 601 nm of wavelength. In the presence of ssDNA on the GNu 

following up the preparation of the probe, the absorption peak was shifted to ~619 nm of 

wavelength. This finding is in good accordance with Rotz et al., 2015 who reported a similar range 

of wavelength shifts of gold nanostars spectrum after DNA conjugation with good maintenance of 

colloidal stability[49]. In contrast, as seen in the TEM image, in Fig 2 inset, the dimension of GNr 

has a length of ca. 40 nm and thickness of rod of about 10 nm. The GNr absorption showed two 

major peaks, with a maximum peak at 724 nm of wavelength and the minimum one at 522 nm. 

These peaks emerged as the consequence of dual orientations of the GNr, which has longitudinal 

and transverse peaks [50,51]. In the presence of ssDNA, the minor and major peaks were blue-
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shifted to 531 nm and 734 nm of wavelength, respectively, indicating a successful formation of 

ssDNA and GNr nanoprobes complex 

 

3.3. Annealing-quenching protocol of Au sensing chip and GNPs effects on the SPR signal 

enhancement 

The annealing and quenching step of the Au SPR sensing chip before graphene solution 

deposition was an attempt to enhance Au {111} orientation on the surface[41]. Higher temperature 

annealing was suggested to obtain highly ordered Au {111}. However, considering that the melting 

point of the BK7 substrate is around 350 °C, the annealing point in our experiment was set up to 

300 °C. Moreover, the quenching step with the exposure of the substrate to the cold N2 gas was 

conducted to avoid substrate crack, which easily occurs in the quenching techniques with cool 

liquid immersion. Song et al. reported that Au {111} film exhibited better binding absorption for 

graphene solution [23]. For the comparison purpose, we measured the probe immobilization on 

the FLG-covered Au SPR chip in the presence and absence of the annealing-quenching protocol, 

as displayed in Fig 3a.  The strong absorption and homogenous coverage of the FLG film onto the 

Au SPR sensing chip were assisted by the annealing-quenching protocols, which in comparison to 

the non-treated Au chip, dramatically amplified the SPR signal after the immobilization of GNP-

DNA matrix via the π-π stacking force between graphene and ssDNA. The π-π stacking force 

exists in the mechanism of ssDNA immobilization since both graphene and ssDNA shared 

identical characteristics as the electron-rich materials [16,23]. It is also essential to note the 

topological impact of the uniform FLG coverage on the Au sensing chip for probe capture.  

Pertaining to the convection-diffusion-reaction during the FLG drop-casting on the Au chip, the 

convection-triggered evaporation of liquid and surface roughness of the graphene layer could 



12 

 

enable molecular absorption facilitating the DNA transfer to the graphene interface, which in turn 

cut off the diffusion time and yield high-sensitivity detection[24]. 

On the other hand, in the Au SPR chip without the annealing-quenching step, the probe 

immobilization stage yielded a negligible SPR signal. This is indicative of the poor FLG sheet 

coverage onto the Au chip.  The FLG degradation was plausibly caused by buffer streaming in the 

reaction chamber creating the lack of Au {111} orientation with higher energy absorption of the 

graphene layer. This outcome is in a linear agreement with the report of Song et al. [23]. The 

morphology of Au film in the presence and absence of the annealing is depicted in Fig. S3. 

Figure 3 is preferred in this location 

3.4. Probe immobilization 

The gold nanorods (GNr) with the length of ~40-60 nm and aspect ratio 2.5 were applied 

to compare the SPR signal enhancement in the GNu-assisted probe immobilization stage. The SPR 

signal levels are presented in Fig. 3(b). The GNu-ssDNA performs three times higher SPR signal 

enhancement than the GNr-ssDNA probe´s signal. This phenomenon is closely linked with the 

plasmonic absorption behavior of GNu and GNr, which likely occur in different wavelength 

regions. The plasmonic absorption of GNu is observed to be in the range of 600-620 nm, which is 

correlated to the intensity peak of the OLED light source in this experiment. Contrarily, the GNr 

maximum plasmonic absorption was observed in the range of 720-750 nm wavelength, where the 

intensity of the OLED light source had dropped below the full-width half maximum (FWHM) 

[39]. As displayed in Fig 3b, The GNu in this study had successfully provided around three times 

higher enhancement in the SPR signal than the GNr.   
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3.5 Detection of cssDNA target 

The probe DNA immobilization is pivotal in the overall study. In GNr-assisted DNA 

detection (Fig S4a and Fig 3b), the SPR signal from the GNr was indicative of the probe DNA 

immobilization. However, compared to the GNu-assisted one shown in Fig 3a and 3b, the GNr 

signal is extremely low since the saturation level was achieved very rapidly within the low range 

level of SPR signal (Fig S4a).  In the detection of a series of cssDNA concentrations, the SPR 

sensor detected the degradation of the signal level after the washing step by PBS solution in both 

GNr and GNu assisted-DNA detection (Fig S4b and Fig 4a), respectively.  It is also notable that 

in both approaches, the SPR signal dramatically leaped as the cssDNA target was injected into the 

reaction chamber due to the immediate change in the refractive index value resulted from the salt 

buffer from the target dilution. The DNA binding affinity is greatly affected by the ionic 

strength[52], and salt mainly shows interactions with the negatively charged phosphate 

molecules[53]. The contrast was seen in the SPR signals after PBS wash in GNu-assisted DNA 

detection, which shows more pronounced signal reduction trends as higher cssDNA concentration 

was injected into the sensing chamber (Fig 4a). The drop of SPR signal below the reference signal 

level (negative ΔSPR signal) implies the release of ssDNA probes from the graphene surface by 

stronger hydrogen bond force during DNA hybridization [54] than the π-π stacking force between 

graphene and probe DNA [55–57]. The removal of the probe is related to the different binding 

energy where the DNA hybridization binding energy was estimated at around 65.7 kcal/mol (or 

equivalent to 2.85 eV)[35], while the π-π stacking force between ssDNA to the graphene surface 

is only approximately 0.49 to 0.61 eV[7,36]. The removal of the ssDNA and the GNPs away from 

the sensing area had resulted in a significant drop in the plasmonic field represented by a negative 

ΔSPR signal. This, by nature, structure, and morphology of the GNPs, was much stronger in the 
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GNu than GNr in providing the plasmonic effects. This phenomenon leads to the susceptible 

sensing method with the negative signals.  

 

Figure 4 is preferred in this location 

 Fig 4b demonstrates the calibration plots from the level signal after PBS washing protocols 

in the real-time dynamic measurement from GNu and GNr-assisted DNA detection (Fig 4a and 

Fig S4b).  The GNu-assisted DNA detection yields a trendline with a correlation coefficient of 

99% and an estimated limit of detection (LOD) based on the International Union of Pure and 

Applied Chemistry (IUPAC) definition using confidence level 3. It means the LOD was calculated 

by the estimation of the concentration (the x-axis), when the signal level is reached 3 times of 

standard deviation of reference measurement, in correlation to the dose-response standard curve. 

The SD of the reference measurement was 0.23, consequently, the calculated LOD of ~24.5 fM 

cssDNA was achieved, significantly lower than that estimated in GNr SPR signal shown by 8.2 

pM of cssDNA.   

Figure 5 is preferred in this location 

The calibration plot from the specificity test performed using non-complementary 

mssDNA target hybridization with the GNu-cssDNA probe was displayed in Fig 4b. In this test, 

the hydrogen bond of the DNA hybridization was not supposed to exist, and hence, the mssDNA 

strands were accumulated in the graphene layer due to the π-π stacking force. This mechanism 

produced a slight shifting of the delta SPR signals to the positive signal[58], which opposed the 

results from the specific binding of hybridized DNA. The combined calibration plots clearly 

distinguished the GNu paramount characteristics in providing SPR signal enhancement for both 
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highly sensitive and specific detection of DNA hybridization. The plasmonic field enhancement 

characteristics of GNu and GNr simulated in FDTD is presented in Fig. 5. The GNu showed 

prominent hotspots in every tip of its spicules, while the GNr hotspots were likely distributed in 

the edge of its diameter. The robust plasmonic profile of the GNu in the simulation affirms the 

findings on its UV-VIS absorption behavior shown in Fig 2. It is important to note two crucial 

contributions of the GNu in DNA detection using our constructed SPR sensor. One, the surface 

roughness effects on the GNu facilitates higher probe DNA binding sites proven by the larger shift 

in the UV-VIS absorption outcomes than that in the GNr bonded-probe DNA Two, the sharp 

spicules and rough morphology of the GNu exhibits a drastic improvement of the SPR signals than 

the smooth-surfaced GNr shown in the FDTD simulation.  

Table 1 is preferred in this location 

Compared with the reported studies in related fields in Table 1, it is indicated that our 

modular and portable sensor using a graphene-based SPR sensor combined with GNu-assisted 

DNA detection shows excellent advantages in terms of simplicity, portability, specificity. The 

detection limit in our proposed study is highly comparable to the commercial SPR, laboratory SPR 

as well as the SPR imaging system, which indicates a promising technique for DNA detection in 

a low concentration.   

 

4.  Conclusion 

 The proof-of-concept of the DNA hybridization of MTBC, assisted by the plasmonic field 

from GNu has been presented in a portable graphene-based SPR sensor. The drop-casting of a few-

layer graphene solution on the Au chip of the SPR sensor has paved the way for simple, time-
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saving, and low-cost sensor production. The high accuracy of the detection reflected from the low 

detection limit and high specificity in DNA detection performed in this study offer new insights 

for early screening methods of bacterial infection, such as Tuberculosis infection in a rapid a low-

cost manners with portable sensors possibly applied in a remote area or the third world countries 

as well as applicable for the use in the pandemic scenes.  
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Figures and captions 

 

Fig. 1. Experimental configuration of DNA hybridization on a graphene-based SPR sensor. 
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Fig. 2 UV/VIS absorption spectra of GNu and GNr in the absence and presence of ssDNA probe. 
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(a)  

(b)  

 

Fig.  3. (a) The real-time measured SPR signal comparison of GNu-probe immobilization on the 

FLG layers deposited on Au chip with and without annealing treatment,  (b). The comparison of 

SPR signal level from GNu-ssDNA and GNr-ssDNA probe immobilization on the FLG layer 

deposited on an annealed Au SPR chip 
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(a)  

(b)  

Fig.  4. (a) Real-time SPR sensor measurement of the series concentrations of cssDNA target 

hybridization with GNu-ssDNA probe, (b) The calibration plots showing the cssDNA target 

hybridization with GNu-ssDNA and GNr-ssDNA probes, and the specificity test from the 

hybridization of non-complementary mssDNA and GNu-ssDNA probe. 
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(a)  

 

 

(b)  

 

Fig. 5. The FDTD. simulation of plasmonic distribution on GNu and GNr. 
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Table and caption 

 

Table 1. Performance comparisons of our work with other SPR-based DNA detection studies  

No Sensing platform Remarkable Technique Detection 

Target 

LOD. Ref. 

1. Fiber optic SPR SAM-PEG surface chemistry 

binds the streptavidin for signal 

enhancement 

DNA-protein 2 nM [59] 

2. SPR. DNA-templated polyaniline 

deposition 

DNA-PNA 5 nM [60] 

3. SPR imaging Signal enhancement by colloidal 

Au NP 

DNA 

hybridization 

10 pM [61] 

4. SPR imaging Signal enhancement by Au NP MicroRNAs 10 fM [62] 

5.  Laboratory SPR GO, signal enhancement by 

AuNP 

DNA 

hybridization 

10 fM [20] 

6. Commercial SPR 

Sensia 

Graphene, signal enhancement 

by Au nanostar 

DNA 

Hybridization 

0.5 fM [32] 

7.  Localized SPR. Au nanoisland, Signal 

enhancement by Au nanostar 

DNA 

hybridization 

0.2–40 nM [63] 

8. Localized SPR. Doxorubicin-modified gold 

nanoparticles for signal 

enhancement 

DNA 

hybridization 

600 pM [64] 

9. Commercial SPR 

Biacore X  

Signal enhancement by 

streptavidin 

MicroRNA 17 pM [65] 

10. Commercial SPR 

Biacore X 

Signal enhancement by super-

sandwich assembly and 

streptavidin 

MicroRNA 9 pM [66] 

11. Laboratory SPR. Surface-anchored rolling circle 

and AuNP amplification 

Tuberculosis 

DNA. 

5 pM [67] 

12. Modular and 

portable SPR. 

Few graphene layers, signal 

enhancement by Au nano urchin 

Tuberculosis 

DNA  

24.5 fM This 

work 

 



23 

 

 

REFERENCES 

[1] B. Udugama, P. Kadhiresan, H.N. Kozlowski, A. Malekjahani, M. Osborne, V.Y.C. Li, H. 

Chen, S. Mubareka, J.B. Gubbay, W.C.W. Chan, Diagnosing COVID-19: The Disease 

and Tools for Detection, ACS Nano. 14 (2020) 3822–3835. 

https://doi.org/10.1021/acsnano.0c02624. 

[2] W. Ling, C-reactive protein levels in the early stage of COVID-19, Médecine Mal. Infect. 

(2020) 7–9. https://doi.org/10.1016/j.medmal.2020.03.007. 

[3] WHO, Country Profiles for 30 High TB Burden Countries, 2019. 

https://doi.org/10.1787/10f0b36a-en. 

[4] WHO, Global Tuberculosis Report, 2019. https://doi.org/10.16309/j.cnki.issn.1007-

1776.2003.03.004. 

[5] P. Glaziou, Predicted impact of the COVID-19 pandemic on global tuberculosis deaths in 

2020, MedRxiv. (2020). https://doi.org/10.1101/2020.04.28.20079582. 

[6] World Health Organization, Tuberculosis and COVID-19: Considerations for tuberculosis 

care, World Heal. Organ. (2020) 1–11. https://www.who.int/docs/default-

source/documents/tuberculosis/infonote-tb-covid-19.pdf. 

[7] M.P. Ward, X. Li, K. Tian, Novel coronavirus 2019, an emerging public health 

emergency, Transbound. Emerg. Dis. (2020) 469–470. https://doi.org/10.1111/tbed.13509. 

[8] X. Liu, X. Li, X. Gao, L. Ge, X. Sun, F. Li, A Universal Paper-Based Electrochemical 

Sensor for Zero-Background Assay of Diverse Biomarkers, ACS Appl. Mater. Interfaces. 



24 

 

11 (2019) 15381–15388. https://doi.org/10.1021/acsami.9b03860. 

[9] X. Xu, J. Ji, P. Chen, J. Wu, Y. Jin, L. Zhang, S. Du, Salt-induced gold nanoparticles 

aggregation lights up fluorescence of DNA-silver nanoclusters to monitor dual cancer 

markers carcinoembryonic antigen and carbohydrate antigen 125, Anal. Chim. Acta. 1125 

(2020) 41–49. https://doi.org/https://doi.org/10.1016/j.aca.2020.05.027. 

[10] C. Chen, S. Zhou, Y. Cai, F. Tang, Nucleic acid aptamer application in diagnosis and 

therapy of colorectal cancer based on cell-SELEX technology, Npj Precis. Oncol. 1 (2017) 

1–7. https://doi.org/10.1038/s41698-017-0041-y. 

[11] M. Yan, W. Bai, C. Zhu, Y. Huang, J. Yan, A. Chen, Design of nuclease-based target 

recycling signal amplification in aptasensors, Biosens. Bioelectron. 77 (2016) 613–623. 

https://doi.org/10.1016/j.bios.2015.10.015. 

[12] L. Xu, R. Wang, L.C. Kelso, Y. Ying, Y. Li, A target-responsive and size-dependent 

hydrogel aptasensor embedded with QD fluorescent reporters for rapid detection of avian 

influenza virus H5N1, Sensors Actuators, B Chem. 234 (2016) 98–108. 

https://doi.org/10.1016/j.snb.2016.04.156. 

[13] H. Zhang, B. Qiao, Q. Guo, J. Jiang, C. Cai, J. Shen, A facile and label-free 

electrochemical aptasensor for tumour-derived extracellular vesicle detection based on the 

target-induced proximity hybridization of split aptamers, Analyst. 145 (2020) 3557–3563. 

https://doi.org/10.1039/D0AN00066C. 

[14] G. Liu, D.-Q. Feng, Z. Li, Y. Feng, Target-activatable gold nanoparticle-based 

aptasensing for protein biomarkers using stimuli-responsive aggregation, Talanta. 192 



25 

 

(2019) 112–117. https://doi.org/https://doi.org/10.1016/j.talanta.2018.08.034. 

[15] S. Gowtham, R.H. Scheicher, R. Ahuja, R. Pandey, S.P. Karna, Physisorption of 

nucleobases on graphene: Density-functional calculations, Phys. Rev. B - Condens. Matter 

Mater. Phys. 76 (2007) 2–5. https://doi.org/10.1103/PhysRevB.76.033401. 

[16] N. Varghese, U. Mogera, A. Govindaraj, A. Das, P.K. Maiti, A.K. Sood, C.N.R. Rao, 

Binding of DNA nucleobases and nucleosides with graphene, ChemPhysChem. 10 (2009) 

206–210. https://doi.org/10.1002/cphc.200800459. 

[17] L. Wang, C. Zhu, L. Han, L. Jin, M. Zhou, S. Dong, Label-free, regenerative and sensitive 

surface plasmon resonance and electrochemical aptasensors based on graphene, Chem. 

Commun. (Camb). 47 (2011) 7794–6. https://doi.org/10.1039/c1cc11373a. 

[18] H. Šípová, J. Homola, Surface plasmon resonance sensing of nucleic acids: a review, 

Anal. Chim. Acta. 773 (2013) 9–23. https://doi.org/10.1016/j.aca.2012.12.040. 

[19] B.A. Prabowo, Y.-F.F. Chang, H.-C.C. Lai, A. Alom, P. Pal, Y.-Y.Y. Lee, N.-F.F. Chiu, 

K. Hatanaka, L.-C.C. Su, K.-C.C. Liu, Rapid screening of Mycobacterium tuberculosis 

complex (MTBC) in clinical samples by a modular portable biosensor, Sensors Actuators 

B. Chem. 254 (2018) 742–748. https://doi.org/10.1016/j.snb.2017.07.102. 

[20] T. Xue, X. Cui, W. Guan, Q. Wang, C. Liu, H. Wang, K. Qi, D.J. Singh, W. Zheng, 

Surface plasmon resonance technique for directly probing the interaction of DNA and 

graphene oxide and ultra-sensitive biosensing, Biosens. Bioelectron. 58 (2014) 374–379. 

https://doi.org/10.1016/j.bios.2014.03.002. 

[21] Y. Wang, Z. Li, T.J. Weber, D. Hu, C.-T. Lin, J. Li, Y. Lin, In Situ Live Cell Sensing of 



26 

 

Multiple Nucleotides Exploiting DNA/RNA Aptamers and Graphene Oxide Nanosheets, 

Anal. Chem. 85 (2013) 6775–6782. https://doi.org/10.1021/ac400858g. 

[22] B. Han, Y.L. Zhang, L. Zhu, X.H. Chen, Z.C. Ma, X.L. Zhang, J.N. Wang, W. Wang, 

Y.Q. Liu, Q.D. Chen, H.B. Sun, Direct laser scribing of AgNPs@RGO biochip as a 

reusable SERS sensor for DNA detection, Sensors Actuators, B Chem. 270 (2018) 500–

507. https://doi.org/10.1016/j.snb.2018.05.043. 

[23] B. Song, D. Li, W. Qi, M. Elstner, C. Fan, H. Fang, Graphene on Au(111): A Highly 

Conductive Material with Excellent Adsorption Properties for High-Resolution 

Bio/Nanodetection and Identification, ChemPhysChem. 11 (2010) 585–589. 

https://doi.org/10.1002/cphc.200900743. 

[24] M.T. Hwang, M. Heiranian, Y. Kim, S. You, J. Leem, A. Taqieddin, V. Faramarzi, Y. 

Jing, I. Park, A.M. van der Zande, S. Nam, N.R. Aluru, R. Bashir, Ultrasensitive detection 

of nucleic acids using deformed graphene channel field effect biosensors, Nat. Commun. 

11 (2020) 1543. https://doi.org/10.1038/s41467-020-15330-9. 

[25] A. Purwidyantri, C.-H. Chen, B.-J. Hwang, J.-D. Luo, C.-C.C.-C. Chiou, Y.-C. Tian, C.-

Y. Lin, C.-H. Cheng, C.-S.C.-S. Lai, Spin-coated Au-nanohole arrays engineered by 

nanosphere lithography for a Staphylococcus aureus 16S rRNA electrochemical sensor, 

Biosens. Bioelectron. 77 (2016) 1086–1094. https://doi.org/10.1016/j.bios.2015.10.094. 

[26] G. Qiu, S.P. Ng, C.M.L. Wu, Differential phase-detecting localized surface plasmon 

resonance sensor with self-assembly gold nano-islands., Opt. Lett. 40 (2015) 1924–7. 

https://doi.org/10.1364/OL.40.001924. 



27 

 

[27] Y.-T. Long, C. Jing, Localized surface plasmon resonance based nanobiosensors., 2014. 

https://doi.org/10.1007/978-3-642-54795-9. 

[28] P.A. Rasheed, N. Sandhyarani, A highly sensitive DNA sensor for attomolar detection of 

the BRCA1 gene: signal amplification with gold nanoparticle clusters, Analyst. 140 

(2015) 2713–2718. http://xlink.rsc.org/?DOI=C5AN00004A. 

[29] J. Ding, K. Zhang, W. Xu, Z. Su, Self-Assembly of Gold Nanoparticles on Gold Core-

Induced Polypyrrole Nanohybrids for Electrochemical Sensor of Dopamine, Nano. 10 

(2015) 1550115. https://doi.org/10.1142/S1793292015501155. 

[30] S. Szunerits, J. Spadavecchia, R. Boukherroub, Surface plasmon resonance: Signal 

amplification using colloidal gold nanoparticles for enhanced sensitivity, Rev. Anal. 

Chem. 33 (2014) 153–164. 

[31] X. Hong, E. a. H. Hall, Contribution of gold nanoparticles to the signal amplification in 

surface plasmon resonance, Analyst. 137 (2012) 4712. 

https://doi.org/10.1039/c2an35742a. 

[32] O. Zagorodko, J. Spadavecchia, A.Y. Serrano, I. Larroulet, A. Pesquera, Highly Sensitive 

Detection of DNA Hybridization on Commercialized Graphene-Coated Surface Plasmon 

Resonance Interfaces, Anal. Chem. 86 (2014) 11211–11216. 

[33] A. Purwidyantri, C.-H.H. Hsu, C.-M.M. Yang, B.A. Prabowo, Y.-C.C. Tian, C.-S.S. Lai, 

Plasmonic nanomaterial structuring for SERS enhancement, RSC Adv. 9 (2019) 4982–

4992. https://doi.org/10.1039/c8ra10656h. 

[34] A. Purwidyantri, M. Karina, C.-H. Hsu, Y. Srikandace, B.A. Prabowo, C.-S. Lai, Facile 



28 

 

bacterial cellulose nanofibrillation for the development of plasmonic paper sensor, ACS 

Biomater. Sci. Eng. 6 (2020) 3122–3131. 

https://doi.org/10.1021/acsbiomaterials.9b01890. 

[35] A.K. Gupta, C.-H. Hsu, A. Purwidyantri, B.A. Prabowo, K.-P. Chiu, C.-H. Chen, Y.-C. 

Tian, C.-S. Lai, ZnO-Nanorod processed PC-SET as the light-harvesting model for 

plasmontronic fluorescence Sensor, Sensors Actuators B Chem. 307 (2020) 127597. 

https://doi.org/https://doi.org/10.1016/j.snb.2019.127597. 

[36] J.N. Anker, W.P. Hall, O. Lyandres, N.C. Shah, J. Zhao, R.P. Van Duyne, Biosensing 

with plasmonic nanosensors, Nat. Mater. 7 (2008) 442–453. 

https://doi.org/10.1038/nmat2162. 

[37] L. Shao, A.S. Susha, L.S. Cheung, T.K. Sau, A.L. Rogach, J. Wang, Plasmonic properties 

of single multispiked gold nanostars: Correlating modeling with experiments, Langmuir. 

28 (2012) 8979–8984. 

[38] Q. Cui, B. Xia, S. Mitzscherling, A. Masic, L. Li, M. Bargheer, H. Möhwald, Preparation 

of gold nanostars and their study in selective catalytic reactions, Colloids Surfaces A 

Physicochem. Eng. Asp. 465 (2015) 20–25. 

https://doi.org/10.1016/j.colsurfa.2014.10.028. 

[39] B.A. Prabowo, L.-C. Su, Y. Chang, H. Lai, N.-F. Chiu, K.-C. Liu, Performance of white 

organic light-emitting diode for portable optical biosensor, Sens. Actuators B. 222 (2016) 

1058–1065. https://doi.org/10.1016/j.snb.2015.09.059. 

[40] B.A. Prabowo, A. Alom, M.K. Secario, F.C.P. Masim, H.C. Lai, K. Hatanaka, K.C. Liu, 



29 

 

Graphene-based Portable SPR Sensor for the Detection of Mycobacterium tuberculosis 

DNA Strain, in: Procedia Eng., 2016. https://doi.org/10.1016/j.proeng.2016.11.520. 

[41] K. Uosaki, Y. Shen, T. Kondo, Preparation of a Highly Ordered Au (111) Phase on a 

Polycrystalline Gold Substrate by Vacuum Deposition and Its Characterization by XRD, 

GISXRD, STM/AFM, and Electrochemical Measurements, J. Phys. Chem. 99 (1995) 

14117–14122. https://doi.org/10.1021/j100038a051. 

[42] W.S. Chong, S.X. Gan, H.M. Al-Tuwirit, W.Y. Chong, C.S. Lim, H. Ahmad, Nanolitre 

solution drop-casting for selective area graphene oxide coating on planar surfaces, Mater. 

Chem. Phys. 249 (2020) 122970. 

https://doi.org/https://doi.org/10.1016/j.matchemphys.2020.122970. 

[43] A. Bagri, C. Mattevi, M. Acik, Y.J. Chabal, M. Chhowalla, V.B. Shenoy, Structural 

evolution during the reduction of chemically derived graphene oxide, Nat. Chem. 2 (2010) 

581–587. https://doi.org/10.1038/nchem.686. 

[44] A. Lerf, H. He, M. Forster, J. Klinowski, Structure of Graphite Oxide Revisited, J. Phys. 

Chem. B. 102 (1998) 4477–4482. https://doi.org/10.1021/jp9731821. 

[45] A.C. Ferrari, D.M. Basko, Raman spectroscopy as a versatile tool for studying the 

properties of graphene, Nat. Nanotechnol. 8 (2013) 235–246. 

https://doi.org/10.1038/nnano.2013.46. 

[46] Z. Li, Y. Xu, B. Cao, L. Qi, S. He, C. Wang, J. Zhang, J. Wang, K. Xu, Raman spectra 

investigation of the defects of chemical vapor deposited multilayer graphene and modified 

by oxygen plasma treatment, Superlattices Microstruct. (2016). 



30 

 

https://doi.org/10.1016/j.spmi.2016.03.035. 

[47] I. Calizo, I. Bejenari, M. Rahman, G. Liu, A.A. Balandin, Ultraviolet Raman microscopy 

of single and multilayer graphene, J. Appl. Phys. 106 (2009). 

[48] N.-J. Song, C.-M. Chen, C. Lu, Z. Liu, Q.-Q. Kong, R. Cai, Thermally reduced graphene 

oxide films as flexible lateral heat spreaders, J. Mater. Chem. A. 2 (2014) 16563–16568. 

https://doi.org/10.1039/C4TA02693D. 

[49] M.W. Rotz, K.S.B. Culver, G. Parigi, K.W. MacRenaris, C. Luchinat, T.W. Odom, T.J. 

Meade, High Relaxivity Gd(III)–DNA Gold Nanostars: Investigation of Shape Effects on 

Proton Relaxation, ACS Nano. 9 (2015) 3385–3396. https://doi.org/10.1021/nn5070953. 

[50] M.A. Mahmoud, Controlling the orientations of gold nanorods inside highly packed 2D 

arrays, Phys. Chem. Chem. Phys. 16 (2014) 26153–26162. 

https://doi.org/10.1039/C4CP04028G. 

[51] S.E. Wawra, L. Pflug, T. Thajudeen, C. Kryschi, M. Stingl, W. Peukert, Determination of 

the two-dimensional distributions of gold nanorods by multiwavelength analytical 

ultracentrifugation, Nat. Commun. 9 (2018) 4898. https://doi.org/10.1038/s41467-018-

07366-9. 

[52] N.T.S. De Costa, J.M. Heemstra, Evaluating the Effect of Ionic Strength on Duplex 

Stability for PNA Having Negatively or Positively Charged Side Chains, PLoS One. 8 

(2013) e58670. https://doi.org/10.1371/journal.pone.0058670. 

[53] J. Hooyberghs, P. Van Hummelen, E. Carlon, The effects of mismatches on hybridization 

in DNA microarrays: Determination of nearest neighbor parameters, Nucleic Acids Res. 



31 

 

37 (2009). https://doi.org/10.1093/nar/gkp109. 

[54] T. Natsume, Y. Ishikawa, K. Dedachi, T. Tsukamoto, N. Kurita, Hybridization energies of 

double strands composed of DNA, RNA, PNA and LNA, Chem. Phys. Lett. 434 (2007) 

133–138. https://doi.org/10.1016/j.cplett.2006.12.017. 

[55] B.P. Xie, G.H. Qiu, P.P. Hu, Z. Liang, Y.M. Liang, B. Sun, L.P. Bai, Z.H. Jiang, J.X. 

Chen, Simultaneous detection of Dengue and Zika virus RNA sequences with a three-

dimensional Cu-based zwitterionic metal–organic framework, comparison of single and 

synchronous fluorescence analysis, Sensors Actuators, B Chem. 254 (2018) 1133–1140. 

https://doi.org/10.1016/j.snb.2017.06.085. 

[56] Y. Ma, Y. Wang, Y. Luo, H. Duan, D. Li, H. Xu, E.K. Fodjo, Rapid and sensitive on-site 

detection of pesticide residues in fruits and vegetables using screen-printed paper-based 

SERS swabs, Anal. Methods. 10 (2018) 4655–4664. https://doi.org/10.1039/c8ay01698d. 

[57] A.M. Oliveira Brett, A.M. Chiorcea, Atomic force microscopy of DNA immobilized onto 

a highly oriented pyrolytic graphite electrode surface, Langmuir. 19 (2003) 3830–3839. 

https://doi.org/10.1021/la027047d. 

[58] T. Chen, M. Li, J. Liu, π–π Stacking Interaction: A Nondestructive and Facile Means in 

Material Engineering for Bioapplications, Cryst. Growth Des. 18 (2018) 2765–2783. 

https://doi.org/10.1021/acs.cgd.7b01503. 

[59] J. Pollet, F. Delport, K.P.F. Janssen, K. Jans, G. Maes, H. Pfeiffer, M. Wevers, J. 

Lammertyn, Fiber optic SPR biosensing of DNA hybridization and DNA–protein 

interactions, Biosens. Bioelectron. 25 (2009) 864–869. 



32 

 

https://doi.org/10.1016/j.bios.2009.08.045. 

[60] X. Su, H.F. Teh, K.M.M. Aung, Y. Zong, Z. Gao, Femtomol SPR detection of DNA–PNA 

hybridization with the assistance of DNA-guided polyaniline deposition, Biosens. 

Bioelectron. 23 (2008) 1715–1720. https://doi.org/10.1016/j.bios.2008.02.004. 

[61] L. He, M.D. Musick, S.R. Nicewarner, F.G. Salinas, S.J. Benkovic, M.J. Natan, C.D. 

Keating, Colloidal Au-enhanced surface plasmon resonance for ultrasensitive detection of 

DNA hybridization, J. Am. Chem. Soc. 122 (2000) 9071–9077. 

[62] S. Fang, H.J. Lee, A.W. Wark, R.M. Corn, Attomole microarray detection of microRNAs 

by nanoparticle-amplified SPR imaging measurements of surface polyadenylation 

reactions, J. Am. Chem. Soc. 128 (2006) 14044–14046. 

http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=2710964&tool=pmcentrez&re

ndertype=abstract. 

[63] J. Spadavecchia, A. Barras, J. Lyskawa, P. Woisel, W. Laure, C.-M. Pradier, R. 

Boukherroub, S. Szunerits, Approach for Plasmonic Based DNA Sensing: Amplification 

of the Wavelength Shift and Simultaneous Detection of the Plasmon Modes of Gold 

Nanostructures, Anal. Chem. 85 (2013) 3288–3296. https://doi.org/10.1021/ac3036316. 

[64] J. Spadavecchia, R. Perumal, A. Barras, J. Lyskawa, P. Woisel, W. Laure, C.-M. Pradier, 

R. Boukherroub, S. Szunerits, Amplified plasmonic detection of DNA hybridization using 

doxorubicin-capped gold particles., Analyst. 139 (2014) 157–164. 

http://www.ncbi.nlm.nih.gov/pubmed/24225546. 

[65] D. Zhang, Y. Yan, W. Cheng, W. Zhang, Y. Li, H. Ju, S. Ding, Streptavidin-enhanced 



33 

 

surface plasmon resonance biosensor for highly sensitive and specific detection of 

microRNA, Microchim. Acta. 180 (2013) 397–403. 

[66] X. Ding, Y. Yan, S. Li, Y. Zhang, W. Cheng, Q. Cheng, S. Ding, Surface plasmon 

resonance biosensor for highly sensitive detection of microRNA based on DNA super-

sandwich assemblies and streptavidin signal amplification, Anal. Chim. Acta. 874 (2015) 

59–65. https://doi.org/10.1016/j.aca.2015.03.021. 

[67] Y. Xiang, K. Deng, H. Xia, C. Yao, Q. Chen, L. Zhang, Z. Liu, W. Fu, Isothermal 

detection of multiple point mutations by a surface plasmon resonance biosensor with Au 

nanoparticles enhanced surface-anchored rolling circle amplification, Biosens. 

Bioelectron. 49 (2013) 442–449. https://doi.org/10.1016/j.bios.2013.04.044. 

 

 


