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l In this work, a zero-reflection induced phase singularity is achieved through precisely controlling the resonance characteristics using 2D nanomaterials.

l An atomically thin nano-layer having a high absorption coefficient is exploited to enhance the zero-reflection dip, which has led to the subsequent phase singularity and thus a giant lateral position shift.

l We have improved the detection limit of low molecular weight molecules by more than 3 orders of magnitude compared to current state-of-art nanomaterial-enhanced plasmonic sensors.

Introduction

To promote early-stage diagnostics of a variety of human diseases, the detection of specific biomarkers at extremely low concentration levels has attracted a lot of attention over these years [1][2][3]. Among the various biomarkers, tumor necrosis factor TNF-α has been studied intensively and proved to play a central role in mammalian immunity and cellular homeostasis [4,[START_REF] Silke | Masters, marionettes and modulators: Intersection of pathogen virulence factors and mammalian death receptor signaling[END_REF]. TNFα is a key mediator in pro-inflammatory responses. It is also involved in various cell activities including cellular communication, cell differentiation and cell death [START_REF] Brenner | Regulation of tumour necrosis factor signalling: Live or let die[END_REF]. These regulatory functions have made TNF-α an important biomarker for monitoring a variety of human diseases, including inflammatory disorder such as bowel disease [START_REF] Ungar | Optimizing anti-tnf-α therapy: Serum levels of infliximab and adalimumab are associated with mucosal healing in patients with inflammatory bowel diseases[END_REF], osteoarthritis [START_REF] Wang | Tnf-alpha-induced lrg1 promotes angiogenesis and mesenchymal stem cell migration in the subchondral bone during osteoarthritis[END_REF][START_REF] Kapoor | Role of proinflammatory cytokines in the pathophysiology of osteoarthritis[END_REF], rheumatoid arthritis [START_REF] Zhang | Neutrophil membrane-coated nanoparticles inhibit synovial inflammation and alleviate joint damage in inflammatory arthritis[END_REF] as well as malignant tumors such as oral [START_REF] Sahibzada | Salivary il-8, il-6 and tnf-alpha as potential diagnostic biomarkers for oral cancer[END_REF] and breast cancer [START_REF] Ma | Il-6, il-8 and tnf-alpha levels correlate with disease stage in breast cancer patients[END_REF][START_REF] Agnoli | Biomarkers of inflammation and breast cancer risk: A case-control study nested in the epic-varese cohort[END_REF], etc. The detection of biomarkers, particularly TNF-α, is certainly of great significance to healthcare efficacy through early diagnosis and monitoring of life-threatening diseases.

However, the concentration level of this biomarker is extremely low, typically ∼20 pg/mL in a healthy human [START_REF] Dalaveris | Vegf, tnf-alpha and 8-isoprostane levels in exhaled breath condensate and serum of patients with lung cancer[END_REF][START_REF] Komatsu | Tumor necrosis factor-a in serum of patients with inflammatory bowel disease as measured by a highly sensitive immuno-pcr[END_REF], thus making detection of this molecule a significant challenge.

Moreover, the molecular weight of TNF-α (∼17 kDa) is one order of magnitude lower than many common biomarkers such as argonaute proteins [START_REF] La Rocca | In vivo, argonaute-bound micrornas exist predominantly in a reservoir of low molecular weight complexes not associated with mrna[END_REF] (∼100 kDa) and carcinoembryonic antigen [START_REF] Hu | Polydopamine-functionalization of graphene oxide to enable dual signal amplification for sensitive surface plasmon resonance imaging detection of biomarker[END_REF] (∼180 kDa), which further increases the level of difficulty.

Conventional detection techniques include gel electrophoresis, enzyme-linked immunosorbent assay (ELISA) and fluorescence-based detection [START_REF] Nimse | Biomarker detection technologies and future directions[END_REF][START_REF] Jayanthi | Recent advances in biosensor development for the detection of cancer biomarkers[END_REF], etc. However, traditional detection methods are usually time-consuming and require complex operations with adequate transducing elements such as fluorescent dyes or expensive enzymes [START_REF] Yadav | Autoantibodies as diagnostic and prognostic cancer biomarker: Detection techniques and approaches[END_REF]. Over these years, some cuttingedge technologies including electrochemical approaches [START_REF] Filik | Nanostructures for nonlabeled and labeled electrochemical immunosensors: Simultaneous electrochemical detection of cancer markers: A review[END_REF] and microfluidic-based approaches [START_REF] Miccio | Perspectives on liquid biopsy for label-free detection of "circulating tumor cells" through intelligent lab-on-chips[END_REF], have been developed to enable more effective and sensitive cancer marker detection. More recently, several research groups have exploited mass spectrometry (MS) based on optimized nanoparticles as matrix materials to enable fast detection with high selectivity and sensitivity [START_REF] Huang | A multifunctional platinum nanoreactor for point-of-care metabolic analysis[END_REF][START_REF] Pei | Feooh@metal-organic framework core-satellite nanocomposites for the serum metabolic fingerprinting of gynecological cancers[END_REF][START_REF] Shu | Construction of a plasmonic chip for metabolic analysis in cervical cancer screening and evaluation[END_REF]. This MS-based detection can directly detect small metabolites in human serum without any purification in advance [START_REF] Cao | Metabolic fingerprinting on synthetic alloys for medulloblastoma diagnosis and radiotherapy evaluation[END_REF][START_REF] Huang | Machine learning of serum metabolic patterns encodes early-stage lung adenocarcinoma[END_REF]. However, bulk instrumentation is needed in this case, which largely limits the application in on-site detection. As a result, there is still much room for improvement in terms of low-cost, convenient and ultra-sensitive biodetection as well as point-of-care diagnostics.

Due to its label-free, real-time and low-cost detection merits, the surface plasmon sensing technique has been exploited for a range of biosensing applications [START_REF] Sipova | Surface plasmon resonance sensing of nucleic acids: A review[END_REF][START_REF] Singh | Spr biosensors: Historical perspectives and current challenges[END_REF][START_REF] Souto | A brief review on the strategy of developing spr-based biosensors for application to the diagnosis of neglected tropical diseases[END_REF]. However, for target analytes that have low molecular weights (less than 400 Dalton), plasmonic sensors still face the challenges to compete in terms of detection sensitivity [START_REF] Zeng | Nanomaterials enhanced surface plasmon resonance for biological and chemical sensing applications[END_REF]. Compared to traditional plasmonic biosensor designs based on angle [START_REF] Nelson | Near-infrared surface plasmon resonance measurements of ultrathin films. 1. Angle shift and spr imaging experiments[END_REF][START_REF] Wang | Label-free imaging, detection, and mass measurement of single viruses by surface plasmon resonance[END_REF] or wavelength [START_REF] Cao | Wavelength-based localized surface plasmon resonance optical fiber biosensor[END_REF][START_REF] Kazuma | Localized surface plasmon resonance sensors based on wavelength-tunable spectral dips[END_REF][START_REF] Xu | Wavelength tuning of surface plasmon resonance using dielectric layers on silver island films[END_REF] interrogation, the phase detecting approach has been shown to improve the sensitivity limit by a few orders of magnitude [START_REF] Kravets | Singular phase nano-optics in plasmonic metamaterials for label-free single-molecule detection[END_REF][START_REF] Huang | Detecting phase shifts in surface plasmon resonance: A review[END_REF]. Unlike the moderate change in intensity or wavelength, the optical phase experiences an abrupt change when the reflection reaches almost zero. Furthermore, the phase detection can also provide lower noise and allows for versatile signal-processing possibilities [START_REF] Yesilkoy | Phase-sensitive plasmonic biosensor using a portable and large field-of-view interferometric microarray imager[END_REF]. Recently, with increasing efforts to explore the concept of "point of darkness", which represents the zero-reflection point, several research groups have exploited plasmonic metamaterials that exhibit topologically protected darkness for the design of biosensing devices offering radically enhanced sensitivity due to extremely steep phase variations [START_REF] Kravets | Singular phase nano-optics in plasmonic metamaterials for label-free single-molecule detection[END_REF][START_REF] Coutant | Plasmonic metamaterials for ultra-sensitive sensing: Topological darkness[END_REF][START_REF] Malassis | Topological darkness in self-assembled plasmonic metamaterials[END_REF].

Further, a higher order of the phase signal, the lateral position shift, may bring further improvement in sensitivity. Since zero reflection can lead to a singular behavior of the phase in Fourier space, the resulted sharp phase jump will then induce a giant lateral position shift, making it an excellent choice for sensing biomolecules at very low concentrations [START_REF] You | Giant and controllable goos-hänchen shifts based on surface plasmon resonance with graphene-mos2 heterostructure[END_REF][START_REF] Yin | Goos-hänchen shift surface plasmon resonance sensor[END_REF].

In this work, we have significantly enhanced the performance of a SPR biosensing platform by adding an atomically thin phase change material to induce a giant lateral position shift called Goos-Hänchen (GH) shift, which in turn leads to the detection of TNF-α cancer biomarkers at sub-attomole level. We tuned the atomically thin Ge 2 Sb 2 Te 5 (GST) nanomaterials, which have a high absorption rate [START_REF] Cao | Rapid phase transition of a phasechange metamaterial perfect absorber[END_REF] in visible and near-infrared wavelengths, to achieve zero-reflection at plasmon resonance. The zero-reflection phenomenon can result in a strong phase singularity. This zero-reflection induced phase singularity is known to be challenging to achieve in previous plasmonic nanostructures [START_REF] Kravets | Singular phase nano-optics in plasmonic metamaterials for label-free single-molecule detection[END_REF][START_REF] Baranov | Coherent perfect absorbers: Linear control of light with light[END_REF]. The higher order mode of the phase signal, i.e., the lateral position shift, was found to be much larger than other signal modalities reported in recent years [START_REF] Xu | Enhanced displacements in reflected beams at hyperbolic metamaterials[END_REF][START_REF] Wan | Tunable and enhanced goos-hänchen shift via surface plasmon resonance assisted by a coherent medium[END_REF][START_REF] Kang | Goos-hanchen shift and even-odd peak oscillations in edge-reflections of surface polaritons in atomically thin crystals[END_REF][START_REF] Xu | Goos-hanchen effect in epsilon-near-zero metamaterials[END_REF]. The plasmonic sensing device reported herein exhibits a detection limit of 10 -15 mol/L (1 fM) for TNF-α biomarkers and 10 -14 mol/L (10 fM) for small biotin molecules (MW=244.31 Da). This sub-attomole detection level is a significant improvement compared to other SPR designs [START_REF] Ding | An enzyme-free surface plasmon resonance biosensing strategy for detection of DNA and small molecule based on nonlinear hybridization chain reaction[END_REF][START_REF] Qiu | Label-free surface plasmon resonance biosensing with titanium nitride thin film[END_REF]. The maximum experimental lateral position shift triggered in our device is 341.90 µm, which to our best knowledge is the largest value ever reported. For detecting small biomolecules and cancer markers at femto-molar concentration levels, the sensing signal was around 10 µm, which is quite readily measured by an interrogation setup. In summary, the proposed scheme has been shown to be capable of sensing extremely small refractive index (RI) changes, which is of great interest for label-free biosensing sensing application and clinical diagnostics.

Experimental methods

Methodology of the enhanced plasmonic sensor

We have significantly enhanced the sensitivity of a plasmonic sensing system by engineering an atomically thin GST layer to the plasmonic substrate. The designed atomically thin GST-on-Au plasmonic biosensing scheme was based on the Kretschmann configuration as shown in Figure 1 (a). For the sensing layer design, an atomically thin layer of 2D GST material is uniformly deposited on the top of the Au thin film. The GST phase change materials are known to have a higher absorption rate in visible and near-infrared regions than some other 2D materials such as graphene, MoS 2 and WS 2 [START_REF] Kumar | Optical absorbance in multilayer twodimensional materials: Graphene and antimonene[END_REF][START_REF] Novoselov | 2d materials and van der waals heterostructures[END_REF][START_REF] Sun | Optical modulators with 2d layered materials[END_REF]. As a result, with careful optimization of the thickness of GST layer, a condition very close to zero-reflection can be achieved. Under this near zero-reflection phenomenon, we can observe not only a fast drop in reflected light intensity, but also an extremely sharp phase change at the resonance angle, which can be exploited to greatly enhance the sensitivity based on plasmon resonances. The lateral position shift is a higher order optical signal of the phase singularity (See Equation (3)) and is readily detectable by our plasmonic sensing setup. It is worth noting that only p-polarized light will have this giant phase singularity-induced lateral position shift under the plasmonic excitation while s-polarized light remains unaffected (Figure 1 (b)). Therefore, s-polarized light serves as a reference here to eliminate environmental disturbances and can be used to significantly improve the signal to noise ratio of the measurement. The differential signal acquired by the position sensor between the p and s polarizations can provide high signal-to-noise measurements. The largest lateral position shift is achieved when the sharpest phase change occurs, which corresponds to the minimum reflectance point within the surface plasmon resonance dip. Our theoretical results have shown that the lateral position shift is inversely correlated with the reflectivity (See Supporting information Figure S1). In order to achieve the largest lateral position shift, we have enhanced the absorption characteristics to near zeroreflectance (~10 -6 ) by adding an atomically thin 2D phase change material. Based on the theoretical model, the optimized thicknesses of the 2 nm GST layer can lead to minimum reflectance, i.e., maximum sensitivity. The lateral position shift of both Au-only substrate and our atomically thin GST-on-Au substrate was simulated. It is clearly shown in Figure 1 (c) that the addition of atomically thin GST material can lead to an extremely giant maximum lateral position shift up to 2107.33 µm at the resonance angle, which is nearly 100 times larger than that associated with the case of using Au-only substrate. Here, we also demonstrated the extreme singularities in phase of the reflected light enhanced by GST-on-Au substrate in Figure 1 (d). Compared to Au-only substrate, the phase change tends to be much sharper, which indicates the radically enhanced sensitivity based on our GST-on-Au substrate. Moreover, the electric field distribution on this 2D GST-on-Au sensing substrate at the resonance angle was also studied using finite element analysis (FEA) (COMSOL Multiphysics 5.2) (Figure S2 (a), Supporting Information). The large electric field enhancement at the sensing interface also demonstrated the enhanced plasmonic resonance. These results have shown that the atomically thin 2D GST layer will offer a superior sensitivity enhancement. 

Optimization of the 2D GST thickness on the plasmonic sensing substrate

In a Kretschmann configuration, the reflection coefficient of two adjacent layers takes the form of

𝑟 $,$&' = 𝑍 $ -𝑍 $&' 𝑍 $ + 𝑍 $&' 1
where 𝑍 $-= . / 0 / for p polarization and 𝑍 $1 = 𝑘 $ for s polarization. 𝜀 $ represents the complex dielectric constants of the i-th layer and 𝑘 $ = 𝑘 5 𝜀 $ -𝜀 ' 𝑠𝑖𝑛 9 𝜃 ; , in which 𝑘 5

is the wave vector of the optical wave in free space and 𝜃 ; is the incident angle.

For a sensing substrate with m layers, we have

𝑟 <=9,< = 𝑟 <=9,<=' + 𝑟 <=',< exp 2𝑖𝑘 <=' 𝑑 <=' 1 + 𝑟 <=9,<=' 𝑟 <=',< exp 2𝑖𝑘 <=' 𝑑 <=' 2
Then we subsequently calculated 𝑟 <=C,< , 𝑟 <=D,< … until we get 𝑟 ',< , which is the reflectivity of the substrate based on this metastructure.

From Fresnel's equations, the complex reflection coefficients can be expressed as

𝑟 -(1) = |𝑟 -1 |exp (𝑖𝜙 -(1)
) for p and s polarizations in which 𝜙 -(1) represents the phase of both polarizations. According to the stationary phase approach [55], the lateral position shift the lateral position shift represents the higher order mode of the phase signal [START_REF] Malassis | Topological darkness in self-assembled plasmonic metamaterials[END_REF][START_REF] Yesilkoy | Phase-sensitive plasmonic biosensor using a portable and large field-of-view interferometric microarray imager[END_REF][START_REF] Feng | On-chip plasmonic spin-hall nanograting for simultaneously detecting phase and polarization singularities[END_REF] and can be determined through the following equation [START_REF] Wu | Transitional gooshanchen effect due to the topological phase transitions[END_REF]:

△ 𝐿 = - 1 𝑘 5 ∂ϕ ∂θ 3
If we determine the reflection coefficients through the standard characteristic matrix approach [START_REF] Luo | Electrically controlled goos-hanchen shift of a light beam reflected from the metal-insulator-semiconductor structure[END_REF][START_REF] Lee | Rapid super-resolution imaging of sub-surface nanostructures beyond diffraction limit by high refractive index microsphere optical nanoscopy[END_REF], the lateral position shift can also be expressed as:

△ 𝐿 = - λ 2𝜋 r -1 9 𝑅𝑒 r -1 𝑑𝐼𝑚 𝑟 -1 dθ -𝐼𝑚 r -1 𝑑𝑅𝑒 𝑟 -1 dθ 4
where Re is the real part and Im is the imaginary part. Based on the above equations, the optimized thickness of 2D GST layer for achieving the minimum reflectance and maximum lateral position shift can therefore be calculated. To evaluate the performance of the 2D GST-on-Au sensing substrate, the angular scanning reflectivity spectra of 2D GST-on-Au and Au-only substrate in air was measured. The experimental results show good agreement with theoretical calculations, which confirms the reliability of our device and serves as a good calibration for the assessment of sensing performance. As shown in Figure S4, the presence of GST material clearly leads to a deeper resonance dip (minimum intensity lowered by 50%).

Materials and methods

Chemicals

The stronger zero-reflection effects also result in a much larger lateral position shift.

Further, as a standard sensor evaluation procedure, we sequentially injected glycerol solutions of different concentration levels into the microfluidic chamber while the reflectivity is monitored. 

Biomolecule sensing

It is known that the main challenge of optical detection lies in the detection of biomolecules with very low molecular weight (less than 400 Da) such as biotin with a molecular weight of 244 Da. Conventional plasmonic biosensors can only detect biotin molecules with concentration higher than 100 µм [START_REF] Kabashin | Plasmonic nanorod metamaterials for biosensing[END_REF]. With the recent development of nanomaterial enhanced plasmonic sensors, the detection limit has been lowered to nanomolar [START_REF] Focsan | A simple and efficient design to improve the detection of biotin-streptavidin interaction with plasmonic nanobiosensors[END_REF] or picomolar [START_REF] Sreekanth | Extreme sensitivity biosensing platform based on hyperbolic metamaterials[END_REF] level. In this work, we are able to further improve the detection limit by more than 3 orders of magnitude. Solutions of the biomolecules with different concentrations ranging from 10 fм to 10 µм were prepared. To ensure efficient binding to the 2D GST-on-Au substrate, we first injected a chemical linker (3-Aminopropyl) trimethoxysilane (APTMS) into the microfluidic chamber to functionalize the sensing substrate with alkoxysilane molecules. This was followed by sequential injection of biotin biomolecules at different molarities to the chamber, which then triggered the corresponding lateral position shifts. 

Sub-attomole cancer biomarker detection

Further, to demonstrate the capability of this biosensor for clinical applications, we carried out TNF-α (tumor necrosis factor α) antigen detection using a sandwich immunoassay strategy. In our experiment, we first immersed the sensing surface with capture antibodies. To block nonspecific binding in the sensing surface, we flowed BSA molecules, which is widely used as blocking agent [START_REF] Ahirwar | Bsa blocking in enzyme-linked immunosorbent assays is a non-mandatory step: A perspective study on mechanism of bsa blocking in common elisa protocols[END_REF][START_REF] Lee | Bsa as additive: A simple strategy for practical applications of pna in bioanalysis[END_REF][START_REF] Wang | Isoelectric bovine serum albumin: Robust blocking agent for enhanced performance in optical-fiber based DNA sensing[END_REF], into the microfluidic chamber in advance to block the unbound sites in the sensing substrate. Then an antigen-containing solution was injected into the microfluidic chamber. A rapidly increasing lateral position shift indicates the specific binding between antigen and antibody molecules. As shown in Figure 3 (a), our experimental results confirm that the projected detection limit of our atomically thin GST-on-Au plasmonic biosensor can reach 10 -15 M (1 fм) for TNF-α antigen detection. The antigen at a quantity as low as 0.05 attomoles, corresponding to 1 fM in a 50 µl solution, can be measured. To better show the superior sensing capability of the proposed sensing device, a comparison experiment was conducted using Au substrate enhanced by 2D MoS 2 nanosheets (Figure 3 (b)). In this experiment, we flowed 2D MoS 2 nanosheets, which is known as standard 2D materials that are used as the signal amplification nanotags [START_REF] Manzeli | 2d transition metal dichalcogenides[END_REF][START_REF] Tan | High-yield exfoliation of ultrathin two-dimensional ternary chalcogenide nanosheets for highly sensitive and selective fluorescence DNA sensors[END_REF][START_REF] Zeng | Graphene-mos2 hybrid nanostructures enhanced surface plasmon resonance biosensors[END_REF], into the microfluidic chamber. With the use of 2D MoS 2 nanosheets, the lateral position shift signal can be increased to 16.04 µm for 1 nм cancer marker detection. Then with the injection of antibody-containing solution, which binds the antigen at a different epitope than the capture antibody, the lateral position shift will increase again, thus further enhancing the sensing signal. However, even under careful optimization of the 2D MoS 2 nanosheetson-Au substrate, which is much more costly than that case of atomically thin GST, the sensitivity enhancement is still only approximately one-third of our proposed GSTcoated substrate. As shown in Figure 3 (c), the lateral shift enhanced by GST-on-Au substrate can reach more than 50 µm after the binding of 1 nм cancer marker biosamples.

Under the same configuration, we also conducted experiments on Au-only sensing substrate. Experimental results showed that there is hardly any identifiable lateral position shift change upon injection of the biosamples (insert figure of Figure 3 (c)). In addition to the remarkable sensitivity, the specificity of our sensing device has also been verified through comparing this specific binding process with the non-specific binding between TNF-alpha and BSA molecules. The lateral position shift signal when flowing BSA with a large concentration (10 5 times higher than anti-TNF antibody) only increased to 4.37 µm, which is much smaller compared to the signal acquired after flowing monoclonal anti-TNF antibody (16.70 µm), as shown in Figure S7 (Supporting information). The experimental results indicate that our sensing device also has great potential in realizing high-specificity detection in addition to the ultra-high sensitivity.

Conclusions

In this paper, we present a new plasmonic biosensor with significantly enhanced sensitivity due to the giant lateral position associated with a phase singularity. The lateral position shift is 341.90 µm, which is the highest ever reported in the literature to our best knowledge. Furthermore, we have demonstrated the capability of our device for biosensing using biotin (small molecules) and BSA (large molecules). The experimental detection limit for light molecules (biotin, 244.31 Da) is in the order of 10 -14 M. This is a significant improvement given that most existing SPR system are only achieving pM detection sensitivity limit for low-molecular-weight biomolecules. Our experiments also reveal that atomically GST layer exhibits 3 times better improvement than 2D MoS 2 nanosheets, which is commonly used as the signal amplification nanotags. The proposed plasmonic device also shows excellent performance for cancer marker detection. The detection limit has been experimentally demonstrated to be 10 -15 M for TNF-α cancer marker, which is orders of magnitude higher than most label-free detection methods. To summarize, the reported integration of atomically GST layer with plasmonic substrate has been shown to be useful for ultrasensitive biosensing applications with sub-attomole detection limit. It is our view that this label-free, real-time, highly sensitive biosensor has great potential for monitoring chemical and biological reactions with ultra-high sensitivity especially for the clinical diagnostic applications.

Theoretical modeling 1.Relationship between lateral position shift and reflectivity

In our simulation analysis, we calculated the reflection coefficient and lateral position shift under different incident angle using both Au-only substrate and atomically thin GST-on-Au substrate. To demonstrate the relationship between the reflectivity and lateral position shift more clearly, a plot showing their negative correlation was drawn through Fresnel equations and transfer matrix method (TMM) and calculated with a MATLAB programming (Figure S1). This explains more explicitly that the maximum lateral position shift is achieved at the minimum reflectivity. Therefore, it is very essential to enhance the zero-reflection effects of the sensing substrate. 

Experimental

Optical characterization

The dielectric constant of GST in relation to the photon energy was measured through spectroscopic ellipsometry. For our experimental configuration, which uses a He-Ne laser (632.8 nm), the dielectric constant was determined to be 13.00+11.10i.

Figure S3

. Refractive index measurement (real part and imaginary part) of GST under different photon energies.

2D GST enhanced plasmonic sensing measurements

Angular scanning reflectivity spectra in air

To evaluate the performance of the atomically thin GST-on-Au sensing substrate, we first measured its angular scanning reflectivity spectra in air. As a comparison, we also measured the Au-only substrate. The experimental results show good agreement with theoretical calculations, which confirms the reliability of our device and serves as a good 

Biomolecule (BSA) sensing performance

The real-time biosensing capability of our device is also demonstrated through monitoring binding of BSA biomolecules, which have relatively high molecular weight 

Fig. 1

 1 Fig. 1 (a) Schematic of the sensing substrate based on GST-gold metastructures. (b) Schematic diagram of the giant lateral position shift induced by the GST-on-Au substrate. Simulation results of (c) lateral position shift and (d) optical phase signal change based on 2D GST-on-Au substrate and Au-only substrate.

3 Results and discussion 3 . 1

 31 . Glycerol, absolute ethanol, lyophilized Bovine Serum Albumin (BSA) powder, lyophilized biotin powder, and (3-Aminopropyl) trimethoxysilane (APTMS), Tumor necrosis factor-alpha (TNF-α) antigen powder, Monoclonal Anti-TNF antibody were purchased from Sigma Aldrich, France. Colloidal solutions with uniformly dispersed single MoS 2 nanosheets were purchased from Ossila Ltd, UK.Device fabrication. Ge 2 Sb 2 Te 5 (GST) and Au layers of the sensing substrate were fabricated by MP300 DC magnetron sputtering equipment (Plassys-Bestek, France) using stoechiometric 2" diameter GST and Au (high purity targets 99.99%, NeycoVacuum & Materials, France) targets on glass substrates respectively. The deposition chamber was pumped down to 2x10 -6 mb prior to the deposition. The deposition took place under Ar atmosphere (60 sccm flow rate) at 5x10 -3 mb and 1x10 -2 mb partial pressures respectively, using DC magnetron powers between 25 and 55 W.Biosample preparation. Glycerol solutions with concentrations from 1-5% (weight ratio) were prepared. All the solvents used here are deionized water. BSA and biotin solutions with concentrations from 10 fм to 10 µм were prepared by serial dilution (1:100). Antibody solutions with 10 pм concentration were diluted several times from originally 0.5 mg/ml Monoclonal Anti-TNF solutions. TNF-α human lyophilised powder was reconstituted to a concentration of 0.5 mg/ml and further diluted to cancer marker solutions with concentrations from 1 fм to 1nм.Surface functionalization. The 2D GST-on-Au substrate was first dipped in ethanol and deionized water, followed by drying under nitrogen for clean usage. The GST-on-Au substrate was first immersed in 1mmol/L linker for 30 min to ensure efficient binding of biomolecules as well as cancer markers onto the substrate. Biomolecules at various concentration levels were then injected into the microfluidic chamber and incubated for around 20 min at room temperature for lateral position shift signal collection. Evaluation of the sensor device A schematic illustration of our experimental setup is shown in Figure 2 (a). The incident light beam from a He-Ne laser is split into p-polarized and s-polarized light beams through a polarized beam splitter. An optical chopper is used to ensure that only one of the polarizations can reach the sensing substrate in a fixed period time. A high refractive index prism was mounted on a translation stage with the beam fixed at the surface plasmon resonance dip angle for achieving maximum lateral position shift. The sensing substrate is integrated with a microfluidic chamber to realize convenient transportation of sample solutions using a syringe pump. The real-time positions of the p-polarized and s-polarized reflected light beams are recorded by a lateral position sensing detector. The lateral position signals are then collected through a data acquisition card and analyzed using a LABVIEW plus MATLAB program. During the biosensing processes, when sample liquids are pumped into the microfluidic chamber, we are able to conduct realtime measurement of the phase singularity-related lateral position shift, where the lateral shifts are induced by the binding of target molecules to the sensing surface.

Figure 2 (

 2 b) shows the signals acquired under different glycerol concentrations using atomically thin GST-on-Au substrate. The summarized lateral position shifts of glycerol solutions with concentration levels from 1% to 5% for both Au-only substrate and 2D GST-on-Au substrate were also plotted. Experimental results confirm the significant enhancement in lateral position shift associated with the incorporation of atomically thin GST, which is in good agreement with our theoretical calculation. Also, the measured lateral position shift has a linear relationship with glycerol/water weight ratios. The measured signal change for 1% glycerol (0.0012 Refractive Index Unit, RIU) using atomically thin GST-on-Au substrate is 71.38 µm, which corresponds to a sensitivity figure-of-merit of 5.95×10 4 µm/RIU. The position of p-polarized reflected light changes drastically while s-polarized reflected light remains in the same position upon injecting the glycerol/water solutions into the chamber as shown in FigureS5(Supporting information). The signal is very stable due to the use of differential measurement scheme.

Fig. 2

 2 Fig. 2 (a) Optical setup for measuring differential lateral position shift between p-and spolarized light. (b) Evaluation results of measuring glycerol solutions. (c) Real-time detection of biotin molecules based on lateral position shift measurement.

Figure 2 (

 2 c) shows the detection of biotin molecules based on the measurement of lateral position shifts. The lateral position signal due to biotin binding changed with low speed after a step increase in concentration and saturated at around 14 µm for a biotin concentration of 10 fм. For biotin with a concentration of 1 pм, the lateral shift change shows a similar trend and stabilized at around 20 µm after the saturation time(20 min). This is quite impressive considering the low molecular weight and extremely low concentration level. After each detection run, we flushed away the excess biotin molecules not bound to the substrate.The lateral position shift barely changed, suggesting that most of the targeted molecules have been bound to the substrate. The observed change in lateral position shift is primarily attributed to the binding between the biomolecules and the substrate. The differential lateral position shift signals acquired under biotin concentrations ranging from 10 -14 to 10 -6 м were also summarized, which shows that the lateral shift is linearly proportional to log scale of biotin concentration. Our experimental results have clearly shown that the proposed 2D GST-on-Au biosensor scheme exhibits an ultra-high sensitivity, which is of significance for real-time label-free biosensing.Besides biotin molecules, we also detected bovine serum albumin (BSA) molecules, which have relatively high molecular weight (66463 Da), at different concentration levels based on the giant lateral position shift. In BSA sensing experiments, the lateral position shift shows an abrupt change immediately after the injection of BSA solutions.The minimum detectable concentration is estimated to be lower than 10 fм. The lateral position shift has increased to 48.34 µm after a binding event with 10 fм BSA. Solutions of the biomolecules with different concentrations ranging from 10 fм to 10 µм were detected and recorded in FigureS6(Supporting information) based on lateral position shift measurement, which shows a linear increase in lateral position shifts with increasing BSA concentrations. Signal saturation will start when the concentration goes above 10 -6 mol/L. Given the large lateral position shift at 10 fм levels, for both BSA and biotin, we can assert that this sensor has the capacity of sub-attomole detection sensitivity.

Fig. 3

 3 Fig. 3 (a) Detection of extremely low (1 fм) cancer marker concentration using 2D GST-on-Au substrate. (b) Detection of 1nм cancer marker using 2D MoS 2 -on-Au substrate. (c) Detection of 1nм cancer marker using 2D GST-on-Au substrate with insert figure showing the performance of Au-only substrate.

  sensing substrate is constructed by depositing an atomically thin Ge 2 Sb 2 Te 5 phase change nanomaterial on gold thin film. The high absorbance of GST material significantly suppresses the reflectivity to a point close to the topological darkness, which yields to extremely steep phase change and further results in a giant lateral position shift with respect to refractive index variations. Refractive index sensing experiments involving the use of glycerol solutions at different concentration levels shows a sensitivity figure-of-merit of 5.95 × 10 4 µm/RIU. The maximum detectable

Figure S1 .

 S1 Figure S1. Relationship between plasmonic-based lateral position shift and reflectivity. 1.2. Finite element analysis (FEA)

ΔL

  As shown in FigureS2(a), a large electric field enhancement occurs at the sensing interface when surface plasmon resonance is excited. The resonance also results in a minimum reflectance and an enhanced lateral position shift in the reflected beam. We have conducted a comparison between the reflectivity and the lateral position shift of the Au-only substrate and our 2D GST-on-Au nanomaterial based substrate in FigureS2(b)(c). In both cases, the largest lateral position shift coincides with the minimum reflectivity point. An importance outcome of our analysis is that the addition of atomically thin GST material leads to a much deeper resonance dip. The corresponding maximum lateral position shift is 2107.33 µm, which is nearly 100 times larger than that associated with the case of using Au-only substrate. We can therefore assert that the atomically thin 2D GST layer will offer a superior sensitivity enhancement.

Figure S2 .

 S2 Figure S2. (a) Electric field distribution at SPR resonance angle 55.398•. (b) Simulation results of reflectivity and lateral position shift of Au-only substrate. (c) Simulation results of

  calibration for the assessment of sensing performance. As shown in the Figure S4, the presence of GST material clearly leads to a deeper resonance dip (minimum intensity lowered by 50%).

Figure S4 . 2 . 2 . 2 .

 S4222 Figure S4. Reflectivity spectra measurement. (a) Au-only substrate (b) 2D GST-on-Au substrate.

Figure S5 .

 S5 Figure S5. Lateral position shift of p-polarized and s-polarized light beam for different concentration levels of glycerol.
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  Figure S6based on lateral position shift measurement, which shows a linear increase in
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Supporting Information

Targeted Sub-attomole Cancer Biomarker Detection based on Phase Singularity 2D Nanomaterial-enhanced Plasmonic Biosensor lateral position shifts with increasing BSA concentrations. Signal saturation will start when the concentration goes above 10 -6 mol/L. 

Detection of non-specific binding

To demonstrate the specificity of our sensing device, the non-specific binding between TNFalpha and BSA molecules has also been detected in comparison with the specific antibodyantigen binding. We carried out TNF-α (tumor necrosis factor α) antigen detection using a sandwich immunoassay strategy. After flowing antigen containing solutions to the sensing substrate coated with antibody solutions, we further injected the capture antibody -monoclonal anti-TNF antibody to the sensing substrate. The lateral position shift signal can be increased to [START_REF] La Rocca | In vivo, argonaute-bound micrornas exist predominantly in a reservoir of low molecular weight complexes not associated with mrna[END_REF].70 µm when flowing 10 pм antibodies. As a negative control experiment, we use BSA as the control antibody [1][2][3][4]. As shown in Figure S7, the lateral position shift signal change when flowing BSA with a large concentration (10 5 times higher than anti-TNF antibody) is much smaller compared to flowing antibody, which shows the high specificity of our sensing device. 

Cancer marker detection

The differential lateral position shift signals acquired during TNF-α detection with replicate measurements were summarized. The lateral position shift signal can reach 6.52 µm for 1 fм cancer marker and 53.15 µm for 1 nм cancer marker using GST-on-Au substrate.