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ABSTRACT: Surface-enhanced Raman spectroscopy (SERS) as one of the effective 

tools for sensitive and selective detection of biomolecules has attracted tremendous 

attention. Here, we construct a versatile biomolecular detection platform based on 

photo-induced enhanced Raman spectroscopy (PIERS) effect for ultrasensitive 

detection of multiple analytes. In our PIERS sensor, we exploit the molecular 

recognition capacity of aptamers and the high affinity of aptamers with analyte to 

trigger TiO2@AgNP substrates binding with Raman tag-labeled gold nanoparticles 

probes via analyte, thus forming sandwich complexes. Additionally, combining 

plasmonic nanoparticles with photo-activated substrates allows PIERS sensor to 

achieve increased sensitivity beyond the normal SERS effect upon ultraviolet 

irradiation. Accordingly, the PIERS can be implemented for analysis of multiple 

analytes by designing different analyte aptamers, and we further demonstrate that the 

constructed PIERS sensor can serve as a versatile detection platform for sensitively 

analyzing various biomolecules including small molecules (adenosine triphosphate 

(ATP), limit of detection (LOD) of 0.1 nM), a biomarker (thrombin, LOD of 50 pM), 
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and a drug (cocaine, LOD of 5 nM). Therefore, this versatile biomolecular detection 

platform based on PIERS effect for ultrasensitive detection of multiple analytes holds 

great promise to be a practical tool. 

 

1. Introduction 

Surface-enhanced Raman spectroscopy (SERS), compared with normal Raman 

spectroscopy, enormously increases Raman signals with factors up to 1014, which 

results from the strong light-induced electric field within localized nanostructured 

space (entitled “hot spots”) (Yoon et al., 2008; He et al., 2011), offering possibility of 

developing ultrasensitive SERS-based biosensors (Cao et al., 2002; Chen et al., 2008; 

Qian et al., 2008; Wang et al., 2012; Qu et al., 2017; Su et al., 2017). As a 

nondestructive and noninvasive technique, SERS requires minimal sample amount for 

testing. In addition, its minimized background signal, peak overlapping and 

photobleaching make SERS widely used in biological systems (Pallaoro et al., 2010; 

Ko et al., 2013; Ye et al., 2013; Fu et al., 2016). Owing to the scattering amplification 

on the surface of nanoscale roughened noble metal substrates, SERS also has shown 

promising potential as a powerful analytical tool to yield molecular fingerprints and 

with good sensitivity (Zhao et al., 2014). Meantime, the SERS technique presents 

broad biological applications, including the detection of nucleic acid (Barhoumi and 

Halas 2010; Langlet et al., 2011; Shen et al., 2012; Chen et al., 2017; Qi et al., 2017), 

proteins (Chen et al., 2008; Chen et al., 2013), small molecules (Kim et al., 2016), 

heavy metallic ions (Wang et al., 2010; Miao et al., 2017; Qi et al., 2017; Qu et al., 

2017), and cells (Ramya et al., 2016) due to its high sensitivity and selectivity, which 

makes it a viable alternative to fluorescence detection methods (Li et al., 2007; He et 

al., 2010; Li et al., 2010; Ge et al., 2011; Yang et al., 2014; Chen, Chao et al., 2017; 

Zhong et al., 2018). For instance, recent studies by Hepel et al. developed a plasmonic 

nanocarrier grid-enhanced Raman sensor with well-controlled hot spots for studying 

the anticancer drug delivery and testing the anticancer drug interactions with DNA in 
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biological environment (Ilkhani et al., 2016; Kurzątkowska et al., 2017). 

It is commonly known that gold nanoparticles (AuNPs) and silver nanoparticles 

(AgNPs) are considered as well-established SERS substrates for biomolecule 

detection. On the other hand, tremendous efforts also have been devoted to studying 

semiconductor materials as SERS substrates (Kim et al., 2009; Musumeci et al., 2009; 

Wang et al., 2012). For instance, Yang group developed a recyclable SERS-active 

substrate composed of Au coated TiO2 nanotube arrays for multifold organic 

pollutants detection (Li, Chen et al., 2010). However, previous research has revealed 

that incorporating metallic nanoparticles onto these non-active substrates is inferior to 

the metallic nanoparticles alone in terms of SERS signal (Sudnik et al., 1996; Ng et al., 

2016), which hinders work on the incorporation of semiconductor on active SERS 

substrates for enhancement (Liu et al., 2006). Recently, Ivan P. Parkin group 

proposed photo-induced enhanced Raman spectroscopy (PIERS), wherein 

photo-excitation of TiO2 gives rise to strong Raman enhancement at the metallic 

nanoparticles sites, increasing sensitivity beyond the traditional SERS effect 

(Ben-Jaber et al., 2016). For instance, Zhang et al. developed a three-dimensional 

TiO2-Ag nanopore arrays with excellent trace amount detection ability for toxic 

organics based on PIERS effect (Zhang et al., 2019). Nevertheless, despite the recent 

progress, to the best of our knowledge, the PIERS technique has not yet been applied 

to biomolecular detection. 

In this work, we constructed a versatile biomolecular detection platform based on 

PIERS effect for ultrasensitive detection of multiple analytes. By combining 

plasmonic nanoparticles with photo-activated substrates, the PIERS-based sensor 

achieved increased sensitivity beyond the normal SERS effect upon ultraviolet 

irradiation. As shown in Figure 1a, TiO2 substrate was prepared through TiO2 

nanostructure grown on Ti foil with hydrothermal method, followed by deposition of 

AgNPs on TiO2 substrate (TiO2@AgNP) using magnetic sputtering (MS). Thereafter, 

we took three steps to construct the biomolecular detection platform (Figure 1b). The 
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first step was to modify the as-prepared TiO2@AgNP with single strand DNA 

(ssDNA1). Following, the modified TiO2@AgNP was immersed in a mixture solution 

containing Raman tag (4-MBA)-labeled AuNPs-ssDNA2 probes 

(Au-ssDNA2-4-MBA) and analytes in step 2. Notably, ssDNA1 was attached to the 

TiO2@AgNP substrates via silver-sulfur chemistry and ssDNA2 linked with AuNPs 

via gold-sulfur chemistry. Additionally, both ssDNA1 and ssDNA2 were designed as 

aptamer of analyte. Aptamers, working as molecular recognition elements here, have 

high affinity with analyte. Accordingly, the presence of analyte facilitated 

AuNPs-ssDNA2 binding with DNA1-modified TiO2@AgNP substrates and thus 

formed an associated sandwich complex (Zuo et al., 2009). Then, pre-irradiation with 

ultraviolet light results in the formation of oxygen vacancy (VO) defects on TiO2 

surfaces which produce donor states at ~0.7 eV below the TiO2 conduction band edge. 

Upon Raman laser irradiation, electrons would be prompted from VO defects states 

into the TiO2 conduction band, followed by electron migration from TiO2 into Ag 

energy levels. Accordingly, such PIERS effect induces enhanced Raman scattering at 

AgNPs and AuNPs sites in step 3. In addition, both the long lifetime of PIERS 

phenomenon (Figure 1b) and the enhanced EM-fields between AuNPs and AgNPs 

(Figure 1c) further contributed to the increased sensitivity of PIERS sensors. Hence, 

this detection platform with ultraviolet light-induced PIERS effect beyond normal 

SERS effect provides possibilities for quantitative interrogation of the relationship 

between analyte and Raman signal. It should be pointed out that our PIERS sensor 

can achieve multiple analytes detection by designing different analyte aptamers. 

Therefore, this versatile biomolecular detection platform based on PIERS increasing 

SERS effect is expected for ultrasensitive detection of multiple analytes. 
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Figure 1. The construction of biomolecular detection platform based on PIERS. 

(a) The preparation of TiO2@AgNP substrate by magnetic sputtering (MS). (b) The 

construction of PIERS sensor for analyte detection, and the right panel shows a 

time-dependent PIERS signal on TiO2NF@AgNP substrate after ultraviolet 

irradiation. (c) The simulated EM-fields intensity distribution of TiO2@AgNP and 

Ag-Au. 

2. Experimental 

2.1. Chemical and reagent 

α-thrombin, guanosine triphosphate (GTP), cytidine triphosphate (CTP) and 

adenosine triphosphate (ATP) were purchased from HeFei BoMei Biotechnology Co., 

Ltd. (Hefei, China). Uridine triphosphate (UTP) was purchased from Shanghai 

Yuanye Bio-Technology Co., Ltd. (Shanghai, China). Adenosine diphosphate (ADP), 

adenosine monophosphate (AMP) and 4-mercaptobenzoic acid (4-MBA) were 

purchased from Sigma-Aldrich (St. Louis, MO, USA) and used without further 

purification. The oligonucleotides were provided by Sangon Biotech Co., Ltd 

(Shanghai, China) and the sequence of oligonucleotides were listed in the Table S1. 

All aqueous solutions were prepared using deionized (DI) water with a resistivity of 

18.2 MΩ·cm-1 obtained from a Millipore system for all experiments. All chemicals 

were the analytical grade and used as received. 
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2.2. Characterization 

The MS of AgNPs on the TiO2 substrate was conducted with a High vacuum 

magnetron sputtering system (JGP450, Shenyang Science Instrument Co., Ltd.). The 

crystal structure of TiO2 was investigated by X-ray diffraction (XRD) using a 

Bruker-AXS Micro diffractometer (Model D5005). The morphologies, composition, 

and structure of the samples were investigated by a Hitachi S-4800 scanning electron 

microscopy (SEM), energy-dispersive X-ray spectroscope (EDS), and a JEOL 

JEM-2100 transmission electron microscopy (TEM), respectively. Raman spectra 

were acquired using a DXR intelligent Raman spectrometer (Thermo Scientific, 

America) equipped with a 780 nm-laser (HeNe, 49.995 mW). And the Raman spectra 

were collected using a 10 × objective lens (N.A. = 0.25).  

2.3. Calculation 

To investigate the role of strong electromagnetic enhancement of the AgNPs, 

AuNPs, and Ag-Au, the local electric field intensity distributions around AgNPs, 

AuNPs, and Ag-Au were simulated by the commercial software COMSOL 

Multiphysics based on a finite element method (FEM, COMSOL Multiphysics 4.3) 

under irradiation of a monochromatic light at 780 nm. In these calculations, the AuNP 

was modeled as a ball with a radius of 12.5 nm and the AgNP was modeled as a ball 

with a radius of 25 nm. TiO2 nanorod (TiO2NR) was modeled as an ellipsoid. TiO2 

NRs had an aspect ratio of 4.18 with a short axis radius of 38.5 nm and a long axis 

radius of 161 nm. TiO2 nanoflower (TiO2NF) was modeled as a petal with a radius of 

112 nm. The permittivity data of gold used here are obtained from the bulk 

experimental result of Johnson and Christy (Johnson and Christy, 1972). 

2.4. Preparation of TiO2 nanostructures 

The TiO2 substrate was prepared with a hydrothermal method (Wang et al., 2011). 

Typically, Ti foils were successively cleaned by sonication in DI water, acetone, and 

DI water. To remove the TiO2 film on the surface of Ti foil, the Ti foil was immersed 
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into the diluted HF solution for ten seconds, followed by cleaning with DI water and 

dried in a nitrogen gas flow. Subsequently, the treated Ti foil was placed into a 

Teflon-sealed autoclave and immersed in 15 mL of 5 M NaOH solution. Thereafter, 

the autoclave was put in a preheated electric oven at 170 °C for 16 h. After the 

autoclave was naturally cooled to room temperature, the sample was washed with DI 

water. To obtain the anatase TiO2, the products mentioned above were placed in the 

Teflon-sealed autoclave loaded with 15 mL DI water at 170 °C for 3 h. After cooling 

to room temperature and washed with DI water, the products turned white, indicating 

that the TiO2NFs have been successfully prepared. 

Meanwhile, the TiO2 NRs were also synthesized using hydrothermal method. 

Similar to the synthetic route of TiO2NFs, the hydrothermal process for TiO2 NRs 

were conducted at 170 °C for 20 h and corresponding hydrolysis process was 

performed at 150 °C for 5 h. Finally, the as-prepared substrate exhibited pale white 

color. 

2.5. Preparation of TiO2@AgNP 

The AgNPs were sputtered on the TiO2 substrates (TiO2NFs or TiO2NRs) 

mentioned above through MS with a deposition rate of 2 Å·s-1. Finally, AgNPs with a 

diameter of 50 nm appeared on the TiO2NFs or TiO2NRs substrate (TiO2@AgNP). 

2.6. Preparation of ssDNA1-modified TiO2@AgNP 

To prepare ssDNA1-modified TiO2@AgNP, the as-prepared TiO2@AgNP was 

immersed into 5 mL 10 mM PBS (pH 7.4) containing 5 µM ssDNA1 for 2 h. In this 

step, TiO2@AgNP was modified with ssDNA1 via the well-known silver-sulfur 

chemistry. Thereafter, ssDNA1-functioned TiO2@AgNP was washed with 10 mM 

PBS for three times to remove nonspecifically bound ssDNA1 and incubated in 10 

mM PBS buffer prior to use. 

2.7. Preparation of Raman tag-labeled AuNPs-ssDNA2 probe 

25 nm AuNPs were pre-synthesized by citrate reduction of HAuCl4 according to 



8 

 

the reported procedure with some modification (Hill and Mirkin 2006). Briefly, 50 

mL 38.8 mM trisodium citrate solution was added to a boiling, rapidly stirred solution 

of 1 mM HAuCl4. The solution was kept boiling and stirred until the solution turned 

from yellow to deep red. After being cooled to room temperature, the prepared 

AuNPs were stored at 4 °C. 

For the AuNPs-ssDNA2 probe preparation (Zhang et al., 2012), 2 µL of 100 µM 

ssDNA2 and 10 µL of 500 mM citrate-HCl buffer (pH 3.0) were added into 500 µL 

10 nM AuNPs, and incubated for 20 min. Then, the mixture was centrifuged (10 000 

rpm, 15 min, 15 °C) to remove the free ssDNA2 and the precipitate was re-dispersed 

with 10 mM PBS. The procedure was repeated for three times. The yielded 

AuNPs-ssDNA2 probe was re-dispersed in 10 mM PBS and stored at 4 °C for further 

use. Following, a certain amount of 4-MBA was added into the as-prepared 

AuNPs-ssDNA2 probe solution to absorb on AuNPs surface, and then the mixture 

was incubated for overnight under gentle shaking. Finally, after the mixed solution 

mentioned above was centrifuged to remove excess 4-MBA and washed with 10 mM 

PBS for three times, Raman tag-labeled AuNPs-ssDNA2 probes were suspended in 10 

mM PBS for further use. 

2.8. PIERS Sensor for ATP Detection 

For ATP detection, the ssDNA1-modified TiO2@AgNP was immersed in a mixture 

of Raman tag-labeled AuNPs-ssDNA2 probe (10 nM) and various concentrations (0-1 

µM) of ATP and incubated for 30 min. Subsequently, the PIERS sensor was rinsed 

with 10 mM PBS, and allowed to dry in air. The constructed PIERS sensor was then 

irradiated under ultraviolet light (365 nm, handheld ultraviolet analyzer ZF-5C, 2 × 6 

W bulbs) with a distance of 10 cm to the samples for 30 min. Thereafter, the Raman 

spectra were obtained from treated TiO2 substrates for an accumulation time of 10 s. 

Three spectra from different sites were tested from each sample. 

2.9. PIERS Sensor for Thrombin or Cocaine Detection 
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For thrombin detection, the ssDNA3-modified TiO2@AgNP was immersed in a 

mixture of Raman tag-labeled AuNPs-ssDNA4 probe (10 nM) and various 

concentrations (0-1 µM) of thrombin and incubated for 30 min. For cocaine detection, 

the ssDNA5-modified TiO2@AgNP was immersed in a mixture of Raman tag-labeled 

AuNPs-ssDNA6 probe (10 nM) and various concentrations (0-10 µM) of thrombin 

and incubated for 30 min. Subsequently, the PIERS sensor was rinsed with 10 mM 

PBS, and allowed to dry in air, followed by irradiation under ultraviolet light (365 nm) 

for 30 min. Thereafter, the Raman spectra were obtained from treated TiO2 substrates 

for an accumulation time of 10 s. Three spectra from different sites were tested from 

each sample. 

3. Results and discussion 

3.1. Preparation of Raman substrate 

Given that TiO2 is commonly used as semiconductor substrate due to its excellent 

optical property (Barborini et al., 2005; Ng et al., 2010), we firstly synthesized two 

types of TiO2 nanostructures using hydrothermal method. The SEM images (Figure 2a, 

b) confirm that two types of TiO2 nanostructures (TiO2NF and TiO2NR) with different 

morphologies were yielded. Subsequently, the composition of TiO2 NF was analyzed 

with EDS. Atomic percentage from EDS elemental analysis (Figure 2c) are found to 

be 9.08%, 61.86%, and 29.07% for C, O, and Ti, respectively, confirming the ratio of 

O to Ti is close to 2:1. Additionally, the treated Ti foil was characterized by XRD to 

further identify the material composition. The XRD pattern (Figure 2d) exhibits the 

diffraction peak at 2θ = 38.0° ascribed to Ti foil and the peaks at 2θ = 40.8°, 53.0°, 

and 70.7° assigned to TiO2, coinciding with the standard diffraction pattern of anatase 

TiO2 (Nian and Teng 2006; Baker and Kamat 2009). 
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Figure 2. Characterization of the Raman substrate. The SEM images of (a) 

TiO2NF and (b) TiO2NR. (c) The EDS and (d) the XRD pattern of TiO2NF. The SEM 

images of (e) TiO2NF@AgNP and (f) TiO2NR@AgNP. (g) The EDS pattern of 

TiO2NF@AgNP substrate. (h) The TEM image of AuNPs. 

To enhance the SERS performance of substrates, we took advantage of MS method 

to sputter the AgNPs (∼50 nm) on the TiO2 substrates. After sputtering, the treated 

TiO2NF and TiO2NR exhibited deep blue and brown color, respectively. Following, 

their morphologies were recorded with SEM. As observed from Figure 2e and f, 

numerous nanoparticles were attached to TiO2 substrates and made the substrates 

roughness, indicating that Ag-coated TiO2NF (TiO2NF@AgNP) and Ag-coated 

TiO2NR (TiO2NR@AgNP) were successfully prepared. Meanwhile, the EDS 

spectrum (Figure 2g) also revealed that the TiO2NF@AgNP substrate is composed of 

Ti, O, and Ag elements. Additionally, in order to carry out further study, we 

synthesized AuNPs via citrate reduction of HAuCl4. The TEM image (Figure 2h) 

confirms that the well-dispersed AuNPs around 25 nm were successfully synthesized. 

3.2 Raman performance of the PIERS sensor  

ATP as cellular energy currency provides energy for various biochemical reactions 

and regulates cellular metabolism in biological processes (Roseman et al., 2015; Chen, 

Chao et al., 2017), and is thus considered as an important indicator for cell damage, 

inhibition and proliferation (Jordan and Wilson 2004; Wei et al., 2015). The ATP 

level also reflects the degree of microbial contamination (Frundzhyan and Ugarova 



11 

 

2007). Moreover, numerous studies have demonstrated that ATP depletion is 

associated with many diseases including Parkinson’s diseases, hypoglycemia, 

ischemia and even malignant tumors (Bodzioch et al., 1999; Gourine et al., 2005; 

Mariathasan et al., 2006). Accordingly, the accurate detection and quantification of 

ATP is of great importance for disease diagnosis and biochemical research. As a 

result, ATP is used as model analyte and detected with our PIERS-based biomolecular 

detection platform. 

Prior to irradiation with ultraviolet light, we prepared DNA1-modified 

TiO2@AgNP and Raman tag (4-MBA)-labeled AuNPs-DNA2 probe, followed by 

DNA1-modified TiO2@AgNP substrates immersed into mixture solution of Raman 

tag-labeled AuNPs-DNA2 probe and ATP. ATP reassembles DNA1 and DNA2 into 

the intact aptamer tertiary structure (Zhou et al., 2019), thus inducing the binding of 

DNA1-modified TiO2@AgNP and AuNPs-DNA2 probe. Hence, the PIERS sensor 

has been constructed. As shown in Figure 3a, the working mechanism of our PIERS 

sensor is based on the electron migration mediated by ultraviolet light from the TiO2 

substrates to the AgNPs (Ben-Jaber, Peveler et al., 2016). Previous study has revealed 

that VO defects on substrates could be created through pre-irradiation with ultraviolet 

light (Mezhenny et al., 2003). It is important to highlight that these resulting VO 

defects induce absorption above 500 nm (Lin et al., 2005). Upon Raman laser 

illumination, electrons migrated from the conduction band of TiO2 states to the VO in 

the PIERS effect were transferred into Ag energy levels (Yoo et al., 2014). To 

investigate the effect of photo-excitation on SERS performance, we studied the 

Raman spectra of TiO2NF@AgNP sensor before and after ultraviolet light irradiation. 

Observed from Figure 3b, the intensity of Raman signal at 1078 cm-1 after irradiation 

is ∼3 times of that without irradiation, indicating that the Raman performance of our 

PIERS sensor indeed has been enhanced after activation with ultraviolet light 

pre-irradiation. 

Moreover, a decrease in the PIERS signal occurred within 60 min on 
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TiO2NF@AgNP substrate after ultraviolet irradiation (Figure 3c), which is attributed 

to surface healing upon exposure of the substrate to air (Onda et al., 2004). 

Nevertheless, this long lifetime of our PIERS sensor allows us to assess the sensor 

performance after TiO2@AgNP substrate activation with ultraviolet light 

pre-irradiation. Next, we recorded the Raman mapping of the PIERS sensor at 1078 

cm-1 to evaluate its reproducibility. Figure 3d shows spatial uniformity of the Raman 

signal in TiO2NF@AgNP substrates, which is well consistent with the narrow 

distribution of the Raman signal intensity. For comparison of SERS performance 

between two types of TiO2 nanostructures, the random 10 measurements of PIERS 

spectra from TiO2NF@AgNP and TiO2NR@AgNP were conducted. As seen in 

Figure 3e, we found that the PIERS performance of TiO2NF@AgNP is better than 

that of TiO2NR@AgNP after ultraviolet light irradiation. Moreover, the signal 

intensity of TiO2NF@AgNP at 1078 cm-1 is ∼2 times of TiO2NR@AgNP (Figure 3f), 

and the prominent PIERS performance of TiO2NF@AgNP over TiO2NR@AgNP may 

be ascribed to its high specific surface area (Tian et al., 2008; Chen et al., 2010). 

Additionally, their corresponding reliability also is acceptable. Taking together these 

results, TiO2NF@AgNP was used as substrates for further analysis. 

To gain deeper insight of SERS performance of PIERS sensor, we exploited FEM 

method to carry out a theoretical simulation and calculated the EM-field intensity 

distribution. As shown in Figure 3g, h and i, the maximum value of EM-field intensity 

of Ag-Au is ∼6 times of TiO2NR@AgNP and ∼4 times of TiO2NF@AgNP without 

ultraviolet irradiation, which suggests strong plasmonic coupling for Au-Ag 

nanoparticles via the bridge connection of ATP. It is noted that the Raman intensity is 

proportional to the fourth power of the electric field (Moskovits 2005; Theiss et al., 

2010). Consequently, the FEM data indicates the high activity of our sensor, which 

effectively facilitates the increasing of Raman signals. 
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Figure 3. Raman performance of the prepared TiO2@AgNP substrate. (a) The 

schematic of PIERS via a charge transfer. (b) The comparison of PIERS spectra and 

SERS spectra for 4-MBA on TiO2NF@AgNP substrate. (c) A time-dependent PIERS 

signal at 1078 cm-1 of 4-MBA on TiO2NF@AgNP substrate after ultraviolet 

irradiation. (d) Raman mapping of 4-MBA on TiO2NF@AgNP substrate. Inset: 

distribution of Raman signal intensity. (e) The random 10 measurements PIERS 

spectra of 4-MBA on TiO2NF@AgNP (red line) and TiO2NR@AgNP (brown line) 

substrate. (f) The PIERS signal at 1078 cm-1 of 4-MBA on TiO2NF@AgNP (red) and 

TiO2NR@AgNP (brown) substrate. The simulated EM-fields intensity distribution of 

(g) TiO2NR@AgNP, (h) TiO2NF@AgNP and (i) Ag-Au nanoparticles. 

3.3 PIERS sensor for ATP detection 

According to previous studies (Zuo, Xiao et al., 2009; Kashefi-Kheyrabadi and 

Mehrgardi 2012), ATP binding aptamer, a 27-base single DNA, could be split into two 

segments of 13-base, 3’ (DNA1) and 14-base, 5’ (DNA2), to construct a sandwich 

apta-sensor for ATP detection, wherein ATP molecules were immobilized via two 

segments of ATP aptamer folding around ATP molecules and forming an associated 

complex, a G-quarter structure (Huizenga and Szostak 1995). The details on the 

binding mechanism are illustrated in Figure S1. On the basis of these findings, we 
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used DNA1 and DNA2 to modify TiO2NF@AgNP and 4-MBA-labeled AuNPs, 

respectively. Observed from Figure 4a, DNA1-modified TiO2NF@AgNP and 

DNA2-modified AuNPs probes would capture ATP molecules on the dependence of 

the high affinity of aptamers and ATP molecules, inducing TiO2NF@AgNP binding 

with AuNPs-ssDNA2 probes. In addition, we characterized the morphologies of the 

TiO2NF@AgNP substrate after the assay. No obvious morphological changes of the 

TiO2NF@AgNP was observed and the AuNPs were found to be dispersed on AgNPs 

(Figure S2), suggesting AuNPs binding to TiO2NF@AgNP as expected. As a result, 

the Au probes with 4-MBA reporter were immobilized on the TiO2NF@AgNP 

substrate, and a PIERS sensor for ATP detection thus has been constructed.  

Next, we exploited the constructed PIERS sensor to detect ATP molecules. Figure 

4b presents the response of the PIERS sensor to the different ATP concentrations. We 

found the Raman intensity as a function of ATP concentration, indicating that more 

4-MBA labeled-AuNPs probes were bound onto TiO2NF@AgNP substrate with the 

addition of more ATP molecules. Thereafter, the PIERS band intensities versus ATP 

concentration on a logarithmic scale were further summarized. As shown in Figure 4c, 

the intense PIERS peak at 1078 cm−1 in the spectra is used as a calibration band, and 

the intensity is linearly correlated to ATP concentration on a logarithmic scale ranging 

from 1 µM to 0.1 nM. In addition, the LOD of our PIERS sensor was determined to 

be 0.1 nM, which is lower than previous electrochemical (Zuo et al., 2007; 

Kashefi-Kheyrabadi and Mehrgardi 2012; Liu et al., 2014) and fluorescent methods 

(Kim et al., 2010; Liu et al., 2014; Wang et al., 2015; Wei, Chen et al., 2015), 

comparable to or lower than SERS methods (Ye, Xiao et al., 2013; Xu et al., 2017) 

(see Table S2). The low LOD that our PIERS sensor exhibited can be attributed to: i) 

photo-induced activation, ii) hot spot between AgNPs and AuNPs, and iii) the high 

affinity of aptamers with ATP.  
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Figure 4. PIERS sensor for ATP detection. (a) The schematic of PIERS sensor for 

ATP detection. (b) PIERS spectra of 4-MBA with different concentrations of ATP. (c) 

The linear range of PIERS sensor response to ATP at 1078 cm-1 of 4-MBA. (d) 

Selectivity of the PIERS spectra with ATP and ATP analogs. (e) The PIERS signal at 

1078 cm-1 of 4-MBA for ATP detection compared to ATP analogs.  

In order to evaluate our PIERS sensor for specific detection of ATP, control 

experiments were carried out. As presented in Figure 4d, even 10 µM typical ATP 

analogs showed much weaker responses than ATP with 1 µM, which suggests the 

good specificity of our system for ATP detection. Notably, the good selectivity of the 

sensor shown in Figure 4d and e can be ascribed to the specific recognition ability of 

aptamers towards ATP. Taking together these results, our PIERS sensor based on 

photo-excitation increasing SERS effect exhibits high sensitivity and selectivity for 

ATP detection. 

3.4 PIERS sensor for anti-thrombin and cocaine detection 
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To broaden the application of our detection platform, we exploited this PIERS 

sensor to detect other analytes. As one of the most commonly studied proteins, 

thrombin was chosen as the next molecular target. Accordingly, we took place of the 

DNA probe with an anti-thrombin aptamer sequence (Pei et al., 2010). As described 

in Figure 5a, two anti-thrombin aptamers (DNA3 and DNA4), which formed 

G-quartet structures and bound to different domains of anti-thrombin, were designed 

to modify TiO2NF@AgNP and AuNPs, respectively. In addition to molecular 

recognition elements, anti-thrombin aptamer also has high affinity with anti-thrombin. 

Thus, the presence of thrombin induced DNA3-modified TiO2NF@AgNP binding 

with DNA4-modified AuNPs probes, forming a “sandwich assay”. As a result, the 

constructed PIERS sensor was allowed to detect thrombin. As presented in Figure S3a 

and Figure 5b, we found that this PIERS sensor also exhibited excellent sensitivity 

toward thrombin, showing a wide linear range from 1 µM to 50 pM and a remarkable 

detection limit of 50 pM, which is comparable to or lower than the previous SERS 

methods (Cho et al., 2008; Hu et al., 2008; Bai et al., 2013) (see Table S3). Moreover, 

this thrombin sensor also shows good selectivity over other analogs (Figure S5a). 

Consequently, we believe that PIERS sensor may provide a versatile platform for 

detection of a broad range of biomolecules by the combination of aptamers. To further 

confirm this, we took advantage of the PIERS-based platform to detect cocaine which 

is one of the most studied drugs. The cocaine binding aptamer, a 32-base single 

aptamer, was split into 12-base, 5’ (DNA5) and 20-base, 3’ (DNA6) based on previous 

report (Zuo, Xiao et al., 2009). Similarly, TiO2NF@AgNP and AuNPs were modified 

with DNA5 and DNA6, two segments of cocaine binding aptamer, respectively. The 

presence of cocaine could induce the association of DNA5-modied TiO2NF@AgNP 

and DNA6-modified AuNPs, forming a three-way junction in which cocaine binding 

site is located in the lipophilic cavity (Stojanovic et al., 2001) shown in Figure 5c. The 

details on the binding mechanism are further illustrated in Figure S4. As expected in 

Figure S3b and Figure 5d, it is found that the PIERS intensity is linearly correlated to 

cocaine concentration on a logarithmic scale in the range from 10 µM to 5 nM and its 
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corresponding LOD is 5 nM, which is lower than the previous SERS methods (Chen, 

Jiang et al., 2008; Yang et al., 2011; Zhao, Shen et al., 2014) (see Table S4). In 

addition to its high sensitivity, our detection platform also enables specific detection 

of cocaine (Figure S5b). Note that our detection sensitivity can be further improved 

when combined with strategies of signal amplification and/or rational designed 

nanostructures that could achieve high light-use efficiency, for instance, 3D photonic 

crystals that can function as efficient optical antennas, and areoles arrays with high 

surface area (Shen, Li et al., 2012; Yang et al., 2015; Li et al., 2018). Given these 

results, our prepared PIERS sensor could be used as a versatile detection platform. 

 

Figure 5. PIERS sensor for anti-thrombin and cocaine detection. (a) The 

schematic of PIERS sensor for anti-thrombin detection. (b) The linear range of PIERS 

sensor response to anti-thrombin. Inset: PIERS detection of thrombin in the low 

concentration range. (c) The schematic of PIERS sensor for cocaine detection. (d) The 

linear range of PIERS sensor response to cocaine. Inset: PIERS detection of cocaine 

in the low concentration range. 

We also carried out recovery experiments to verify the reliability and feasibility of 

our sensing platform for practical assays, in which different concentrations of targets 

were added into the 100-fold diluted healthy human real serum samples. We 
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discovered that the recovery in serum samples ranges from 95.7% to 105.4% with 

RSD values ranging from 2.6 to 4.8% (Table S5, S6, and S7), indicating the 

feasibility of this versatile detection platform for clinical analysis. In biological and 

biomedical analysis, nonspecific protein adsorption might be an important factor 

influencing the detection performance of biosensors (Stobiecka 2014). For example, 

the plasmonic fields in noble metal nanostructures can be modulated by the dielectric 

function of the protein shell, resulting in a decrease in the SERS efficiency (Stobiecka 

and Chalupa 2015). In our system, assembly of both oligo (ethylene 

glycol)-terminated thiols and thiolated DNA probes on AuNPs or AgNPs can be 

utilized to address this issue because of the nonfouling property of oligo (ethylene 

glycol) that can repel nonspecific adsorption of proteins in complex systems (Zhang et 

al., 2008; Wan et al., 2010; Wan et al., 2013). Based on the above results, it is 

anticipated that our PIERS sensor as a versatile detection platform can be applied for 

practical analysis. 

4. Conclusions 

In summary, a versatile biomolecular detection platform based on PIERS effect has 

been constructed for ultrasensitive detection of multiple analytes. The PIERS sensor 

for biomolecular detection provides several advantages. First of all, the PIERS sensor 

can be rapidly and reliably developed, just relying on the molecular recognition 

capacity of aptamers and the high affinity of aptamers with analyte to trigger 

TiO2@AgNP substrates binding with Raman tag-labeled AuNPs probes. Second, the 

combination of plasmonic nanoparticles with photo-activated substrates enables our 

PIERS sensor with improved sensitivity beyond the normal SERS effect upon 

ultraviolet light irradiation. Finally, the PIERS sensor can serve as a versatile 

detection platform for sensitively detecting various biomolecules including small 

molecules (ATP, LOD of 0.1 nM), a biomarker (anti-thrombin, LOD of 50 pM), and a 

drug (cocaine, LOD of 5 nM). The good specificity and high sensitivity of our PIERS 

sensor are ascribed to: i) photo-induced activation, ii) hot spot between AgNPs and 
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AuNPs, and iii) the high affinity of aptamers with analytes. Given its various 

advantages including simplicity, low cost, and multiple analytes detection, this 

versatile biomolecular detection platform shows promising potential for practical use. 
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