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ABSTRACT: Surface-enhanced Raman spectroscopy (SERS) asf time effective
tools for sensitive and selective detection of lieuules has attracted tremendous
attention. Here, we construct a versatile biomdbcdetection platform based on
photo-induced enhanced Raman spectroscopy (PIERSB{t efor ultrasensitive
detection of multiple analytes. In our PIERS senswe exploit the molecular
recognition capacity of aptamers and the high éffiof aptamers with analyte to
trigger TIO@AQNP substrates binding with Raman tag-labeledl g@noparticles
probes via analyte, thus forming sandwich complex&dditionally, combining
plasmonic nanoparticles with photo-activated sualbes allows PIERS sensor to
achieve increased sensitivity beyond the normal SEfect upon ultraviolet
irradiation. Accordingly, the PIERS can be impleteehfor analysis of multiple
analytes by designing different analyte aptamerd,vae further demonstrate that the
constructed PIERS sensor can serve as a versatgetibn platform for sensitively
analyzing various biomolecules including small ncoles (adenosine triphosphate

(ATP), limit of detection (LOD) of 0.1 nM), a biomaer (thrombin, LOD of 50 pM),



and a drug (cocaine, LOD of 5 nM). Therefore, thessatile biomolecular detection
platform based on PIERS effect for ultrasensitieeedtion of multiple analytes holds

great promise to be a practical tool.

1. Introduction

Surface-enhanced Raman spectroscopy (SERS), cainpate normal Raman
spectroscopy, enormously increases Raman signdls fadtors up to 1, which
results from the strong light-induced electric diedithin localized nanostructured
space (entitled “hot spots”) (Yoon et al., 2008; édal., 2011), offering possibility of
developing ultrasensitive SERS-based biosensors €Cal., 2002; Chen et al., 2008;
Qian et al., 2008; Wang et al., 2012; Qu et al.1720Su et al.,, 2017). As a
nondestructive and noninvasive technique, SERSnexjminimal sample amount for
testing. In addition, its minimized background sinpeak overlapping and
photobleaching make SERS widely used in biologsyatems (Pallaoro et al., 2010;
Ko et al., 2013; Ye et al., 2013; Fu et al., 20I®)ing to the scattering amplification
on the surface of nanoscale roughened noble mabatrates, SERS also has shown
promising potential as a powerful analytical tomlyield molecular fingerprints and
with good sensitivity (Zhao et al., 2014). Meantjntlee SERS technique presents
broad biological applications, including the dei@ttof nucleic acid (Barhoumi and
Halas 2010; Langlet et al., 2011; Shen et al., 2Gt&n et al., 2017; Qi et al., 2017),
proteins (Chen et al., 2008; Chen et al., 2013)gllsmolecules (Kim et al., 2016),
heavy metallic ions (Wang et al., 2010; Miao et 2017; Qi et al., 2017; Qu et al.,
2017), and cells (Ramya et al., 2016) due to b Isensitivity and selectivity, which
makes it a viable alternative to fluorescence deteanethods (Li et al., 2007; He et
al., 2010; Li et al., 2010; Ge et al., 2011; Yah@le 2014; Chen, Chao et al., 2017;
Zhong et al., 2018). For instance, recent studyelddpel et al. developed a plasmonic
nanocarrier grid-enhanced Raman sensor with wellrotbed hot spots for studying
the anticancer drug delivery and testing the antieadrug interactions with DNA in
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biological environment (llkhani et al., 2016; Katizowska et al., 2017).

It is commonly known that gold nanoparticles (AulNR&d silver nanoparticles
(AgNPs) are considered as well-established SERSstrsibs for biomolecule
detection. On the other hand, tremendous effosis have been devoted to studying
semiconductor materials as SERS substrates (Kah,e2009; Musumeci et al., 2009;
Wang et al.,, 2012). For instance, Yang group deexloa recyclable SERS-active
substrate composed of Au coated Fi@anotube arrays for multifold organic
pollutants detection (Li, Chen et al., 2010). Hoesm\previous research has revealed
that incorporating metallic nanoparticles onto thesn-active substrates is inferior to
the metallic nanoparticles alone in terms of SERB8a (Sudnik et al., 1996; Ng et al.,
2016), which hinders work on the incorporation efnsconductor on active SERS
substrates for enhancement (Liu et al., 2006). Rbgcelvan P. Parkin group
proposed photo-induced enhanced Raman spectroso@iizRS), wherein
photo-excitation of TiQ gives rise to strong Raman enhancement at thellimeta
nanoparticles sites, increasing sensitivity beyahé traditional SERS effect
(Ben-Jaber et al., 2016). For instance, Zhang .etlaleloped a three-dimensional
TiO,-Ag nanopore arrays with excellent trace amounedat&n ability for toxic
organics based on PIERS effect (Zhang et al., 20&ertheless, despite the recent
progress, to the best of our knowledge, the PIERBrique has not yet been applied

to biomolecular detection.

In this work, we constructed a versatile biomolacuetection platform based on
PIERS effect for ultrasensitive detection of mu#ipanalytes. By combining
plasmonic nanoparticles with photo-activated sabst; the PIERS-based sensor
achieved increased sensitivity beyond the normaRS&Eeffect upon ultraviolet
irradiation. As shown in Figure la, TiGsubstrate was prepared through 21O
nanostructure grown on Ti foil with hydrothermal thred, followed by deposition of
AgNPs on TiQ substrate (TIG@AgNP) using magnetic sputtering (MS). Thereatfter,

we took three steps to construct the biomolecutdeation platform (Figure 1b). The



first step was to modify the as-prepared J@AgNP with single strand DNA
(ssDNA1). Following, the modified TiE@AgNP was immersed in a mixture solution
containing Raman tag (4-MBA)-labeled AuNPs-ssDNA2 rohes
(Au-ssDNA2-4-MBA) and analytes in step 2. NotaldgDNAL1 was attached to the
TiIO,@AQgNP substrates via silver-sulfur chemistry andN&2 linked with AuNPs
via gold-sulfur chemistry. Additionally, both ssDNAand ssDNA2 were designed as
aptamer of analyte. Aptamers, working as molectdaognition elements here, have
high affinity with analyte. Accordingly, the presen of analyte facilitated
AuNPs-ssDNA2 binding with DNA1-modified TE@AgNP substrates and thus
formed an associated sandwich complex (Zuo e2@09). Then, pre-irradiation with
ultraviolet light results in the formation of oxygesacancy () defects on TiQ
surfaces which produce donor states at ~0.7 eMibile TiG, conduction band edge.
Upon Raman laser irradiation, electrons would mmmted from 4 defects states
into the TiQ conduction band, followed by electron migratioonfr TiO, into Ag
energy levels. Accordingly, such PIERS effect ireRienhanced Raman scattering at
AgNPs and AuNPs sites in step 3. In addition, bibid long lifetime of PIERS
phenomenon (Figure 1b) and the enhanced EM-fietd&vden AuNPs and AgNPs
(Figure 1c) further contributed to the increasedsg®vity of PIERS sensors. Hence,
this detection platform with ultraviolet light-inded PIERS effect beyond normal
SERS effect provides possibilities for quantitatiméerrogation of the relationship
between analyte and Raman signal. It should betgubiaut that our PIERS sensor
can achieve multiple analytes detection by desgrilfferent analyte aptamers.
Therefore, this versatile biomolecular detectioatiokm based on PIERS increasing

SERS effect is expected for ultrasensitive detaeadiomultiple analytes.
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Figure 1. The construction of biomolecular detection platform based on PIERS.
(&) The preparation of TK{®AgNP substrate by magnetic sputtering (MS). (b@ Th
construction of PIERS sensor for analyte detectamd the right panel shows a
time-dependent PIERS signal on JIMF@AQNP substrate after ultraviolet
irradiation. (c) The simulated EM-fields intensidystribution of TIQ@AgNP and
Ag-Au.

2. Experimental
2.1. Chemical and reagent

a-thrombin, guanosine triphosphate (GTP), cytidingohbsphate (CTP) and
adenosine triphosphate (ATP) were purchased froFreHBoMei Biotechnology Co.,
Ltd. (Hefei, China). Uridine triphosphate (UTP) wasirchased from Shanghai
Yuanye Bio-Technology Co., Ltd. (Shanghai, ChirfJenosine diphosphate (ADP),
adenosine monophosphate (AMP) and 4-mercaptobenaoid (4-MBA) were
purchased from Sigma-Aldrich (St. Louis, MO, USA)daused without further
purification. The oligonucleotides were provided Bangon Biotech Co., Ltd
(Shanghai, China) and the sequence of oligonudestiere listed in the Table S1.
All agueous solutions were prepared using deion{Bd)l water with a resistivity of
18.2 MQ-cmi* obtained from a Millipore system for all experinenAll chemicals

were the analytical grade and used as received.



2.2. Characterization

The MS of AgNPs on the TiOsubstrate was conducted with a High vacuum
magnetron sputtering system (JGP450, Shenyang &clestrument Co., Ltd.). The
crystal structure of Ti® was investigated by X-ray diffraction (XRD) usirey
Bruker-AXS Micro diffractometer (Model D5005). Thmeorphologies, compaosition,
and structure of the samples were investigated Hitaechi S-4800 scanning electron
microscopy (SEM), energy-dispersive X-ray speciopsc (EDS), and a JEOL
JEM-2100 transmission electron microscopy (TEM)ykpextively. Raman spectra
were acquired using a DXR intelligent Raman spectter (Thermo Scientific,
America) equipped with a 780 nm-laser (HeNe, 49.998). And the Raman spectra

were collected using a 10 x objective lens (N.A.25).
2.3. Calculation

To investigate the role of strong electromagnetihamcement of the AgNPs,
AuNPs, and Ag-Au, the local electric field inteysuistributions around AgNPs,
AuNPs, and Ag-Au were simulated by the commerciaftiveare COMSOL
Multiphysics based on a finite element method (FEMQMSOL Multiphysics 4.3)
under irradiation of a monochromatic light at 780.1n these calculations, the AUNP
was modeled as a ball with a radius of 12.5 nmthrdAgNP was modeled as a ball
with a radius of 25 nm. Ti©nanorod (TIGNR) was modeled as an ellipsoid. 3iO
NRs had an aspect ratio of 4.18 with a short aadus of 38.5 nm and a long axis
radius of 161 nm. Tignanoflower (TIQNF) was modeled as a petal with a radius of
112 nm. The permittivity data of gold used here at#ained from the bulk
experimental result of Johnson and Christy (JohrmeahChristy, 1972).

2.4. Preparation of TiO, nanostructures

The TiG, substrate was prepared with a hydrothermal mefiMahg et al., 2011).
Typically, Ti foils were successively cleaned byisation in DI water, acetone, and

DI water. To remove the Tiilm on the surface of Ti foil, the Ti foil was mmersed



into the diluted HF solution for ten seconds, faléml by cleaning with DI water and
dried in a nitrogen gas flow. Subsequently, thated Ti foil was placed into a
Teflon-sealed autoclave and immersed in 15 mL of SI&0OH solution. Thereatter,
the autoclave was put in a preheated electric ateh70 °C for 16 h. After the
autoclave was naturally cooled to room temperatine sample was washed with DI
water. To obtain the anatase Zj@he products mentioned above were placed in the
Teflon-sealed autoclave loaded with 15 mL DI watet70 °C for 3 h. After cooling

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

that the TIQNFs have been successfully prepared.

Meanwhile, the Ti@ NRs were also synthesized using hydrothermal ndetho
Similar to the synthetic route of TNFs, the hydrothermal process for Fi6Rs
were conducted at 170 °C for 20 h and correspondiygdrolysis process was
performed at 150 °C for 5 h. Finally, the as-predasubstrate exhibited pale white

color.
2.5. Preparation of TiIO,@AgNP

The AgNPs were sputtered on the 7TiQubstrates (TigNFs or TIQNRS)
mentioned above through MS with a deposition r&t2 A-s*. Finally, AGNPs with a
diameter of 50 nm appeared on the ;NBs or TIQNRs substrate (Tig@AgNP).

2.6. Preparation of ssDNA1-modified TiO,@AgNP

To prepare ssDNAl-modified TH@AgGNP, the as-prepared TI@AgNP was
immersed into 5 mL 10 mM PBS (pH 7.4) containing ssDNAL for 2 h. In this
step, TIQ@AgNP was modified with ssDNA1 via the well-knowilver-sulfur
chemistry. Thereafter, sSDNA1-functioned I@&AgNP was washed with 10 mM
PBS for three times to remove nonspecifically bosesBDNAL1 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 rednotif HAuCl, according to
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the reported procedure with some modification (lditid Mirkin 2006). Briefly, 50
mL 38.8 mM trisodium citrate solution was added tooiling, rapidly stirred solution
of 1 mM HAuCL. The solution was kept boiling and stirred urttié tsolution turned
from yellow to deep red. After being cooled to rodemperature, the prepared

AuUNPs were stored at 4 °C.

For the AuNPs-ssDNA2 probe preparation (Zhang et28l12), 2uL of 100 uM
ssDNA2 and 1QuL of 500 mM citrate-HCI buffer (pH 3.0) were addiedtio 500 L
10 nM AuNPs, and incubated for 20 min. Then, thetane was centrifuged (10 000
rpm, 15 min, 15 °C) to remove the free ssSDNA2 dralrecipitate was re-dispersed
with 10 mM PBS. The procedure was repeated forethtienes. The vyielded
AuNPs-ssDNA2 probe was re-dispersed in 10 mM PBSstored at 4 °C for further
use. Following, a certain amount of 4-MBA was addetb the as-prepared
AuNPs-ssDNA2 probe solution to absorb on AuNPsaméf and then the mixture
was incubated for overnight under gentle shakingalfy, after the mixed solution
mentioned above was centrifuged to remove excédBA-and washed with 10 mM
PBS for three times, Raman tag-labeled AuNPs-ssDplABes were suspended in 10

mM PBS for further use.
2.8. PIERS Sensor for ATP Detection

For ATP detection, the ssDNA1-modified H@AgNP was immersed in a mixture
of Raman tag-labeled AuNPs-ssDNA2 probe (10 nM)\artbus concentrations (0-1
uM) of ATP and incubated for 30 min. Subsequenthg PIERS sensor was rinsed
with 10 mM PBS, and allowed to dry in air. The donsted PIERS sensor was then
irradiated under ultraviolet light (365 nm, handhaltraviolet analyzer ZF-5C, 2 x 6
W bulbs) with a distance of 10 cm to the samples3tbmin. Thereafter, the Raman
spectra were obtained from treated F&Dbstrates for an accumulation time of 10 s.

Three spectra from different sites were tested feaich sample.

2.9. PIERS Sensor for Thrombin or Cocaine Detection



For thrombin detection, the ssDNA3-modified T@®AgNP was immersed in a
mixture of Raman tag-labeled AuNPs-ssDNA4 probe @M) and various
concentrations (0-tM) of thrombin and incubated for 30 min. For coeadetection,
the ssDNA5-modified TIG@AgNP was immersed in a mixture of Raman tag-labele
AuNPs-ssDNA6 probe (10 nM) and various concentnati(0-10uM) of thrombin
and incubated for 30 min. Subsequently, the PIER®®& was rinsed with 10 mM
PBS, and allowed to dry in air, followed by irraiili@ under ultraviolet light (365 nm)
for 30 min. Thereafter, the Raman spectra wereirmddafrom treated Ti@substrates
for an accumulation time of 10 s. Three spectranfabfferent sites were tested from

each sample.
3. Resultsand discussion
3.1. Preparation of Raman substrate

Given that TiQ is commonly used as semiconductor substrate dite &xcellent
optical property (Barborini et al., 2005; Ng et, &010), we firstly synthesized two
types of TiQ nanostructures using hydrothermal method. The 8&ajes (Figure 2a,
b) confirm that two types of Tinanostructures (Ti¥DIF and TiIQNR) with different
morphologies were yielded. Subsequently, the coitippf TiO, NF was analyzed
with EDS. Atomic percentage from EDS elemental gsial(Figure 2c) are found to
be 9.08%, 61.86%, and 29.07% for C, O, and Ti,getdpely, confirming the ratio of
O to Ti is close to 2:1. Additionally, the treat&édfoil was characterized by XRD to
further identify the material composition. The XRiattern (Figure 2d) exhibits the
diffraction peak at @ = 38.0 ascribed to Ti foil and the peaks & 2 40.8, 53.0,
and 70.7 assigned to Tig) coinciding with the standard diffraction pattefnanatase
TiO, (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) TiQNR. (c) The EDS and (d) the XRD pattern of IWF. The SEM
images of (e) TIGNF@AgNP and (f) TIGNR@AgNP. (g) The EDS pattern of
TiIO.NF@AQgNP substrate. (h) The TEM image of AuNPs.

To enhance the SERS performance of substratesgokeativantage of MS method
to sputter the AQNPSLB0 nm) on the Ti@ substrates. After sputtering, the treated
TiO,NF and TiONR exhibited deep blue and brown color, respegtiviebllowing,
their morphologies were recorded with SEM. As obsdrfrom Figure 2e and f,
numerous nanoparticles were attached to, T§Gbstratesand made the substrates
roughness, indicating that Ag-coated INF (TIONF@AQNP) and Ag-coated
TiIOoNR  (TIOONR@AQNP) were successfully prepared. Meanwhile, @®BS
spectrum (Figure 29g) also revealed that the,Ni&@AgNP substrate is composed of
Ti, O, and Ag elements. Additionally, in order targy out further study, we
synthesized AuNPs via citrate reduction of HALUCThe TEM image (Figure 2h)

confirms that the well-dispersed AuNPs around 25w~ere successfully synthesized.
3.2 Raman performance of the PIERS sensor

ATP as cellular energy currency provides energw#oious biochemical reactions
and regulates cellular metabolism in biologicalgesses (Roseman et al., 2015; Chen,
Chao et al., 2017), and is thus considered as aoriant indicator for cell damage,
inhibition and proliferation (Jordan and Wilson 200Nei et al., 2015). The ATP

level also reflects the degree of microbial contation (Frundzhyan and Ugarova
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2007). Moreover, numerous studies have demonstrdtad ATP depletion is

associated with many diseases including Parkinsati&eases, hypoglycemia,
ischemia and even malignant tumors (Bodzioch ¢t1899; Gourine et al., 2005;
Mariathasan et al., 2006). Accordingly, the acaumétection and quantification of
ATP is of great importance for disease diagnosid biwchemical research. As a
result, ATP is used as model analyte and detecitbdonr PIERS-based biomolecular

detection platform.

Prior to irradiation with ultraviolet light, we ppared DNAI1-modified
TiIO,@AgNP and Raman tag (4-MBA)-labeled AuNPs-DNA2 p@rofollowed by
DNA1-modified TIO@AgNP substrates immersed into mixture solutiorRafman
tag-labeled AUNPs-DNA2 probe and ATP. ATP reassemBINA1 and DNA2 into
the intact aptamer tertiary structure (Zhou et2019), thus inducing the binding of
DNA1-modified TIOG@AgNP and AuNPs-DNA2 probe. Hence, the PIERS sensor
has been constructed. As shown in Figure 3a, th&imgmechanism of our PIERS
sensor is based on the electron migration mediayedtraviolet light from the Ti@
substrates to the AgNPs (Ben-Jaber, Peveler éCHlg). Previous study has revealed
that Vo defects on substrates could be created throughrpgation with ultraviolet
light (Mezhenny et al., 2003). It is important tayMiight that these resulting o/
defects induce absorption above 500 nm (Lin et 2005). Upon Raman laser
illumination, electrons migrated from the conductimand of TiQ states to the ¥in
the PIERS effect were transferred into Ag energiele (Yoo et al.,, 2014). To
investigate the effect of photo-excitation on SEpR&formance, we studied the
Raman spectra of TEF@AgNP sensor before and after ultraviolet lighadiation.
Observed from Figure 3b, the intensity of Ramanaigt 1078 cm after irradiation
is ~3 times of that without irradiation, indicating tithe Raman performance of our
PIERS sensor indeed has been enhanced after switivaith ultraviolet light

pre-irradiation.
Moreover, a decrease in the PIERS signal occurrathirv 60 min on
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TiIO.NF@AQNP substrate after ultraviolet irradiationgiie 3c), which is attributed
to surface healing upon exposure of the substratait (Onda et al., 2004).
Nevertheless, this long lifetime of our PIERS serdows us to assess the sensor
performance after TIG@WAgQNP substrate activation with ultraviolet light
pre-irradiation. Next, we recorded the Raman mappihthe PIERS sensor at 1078
cm® to evaluate its reproducibility. Figure 3d showstial uniformity of the Raman
signal in TIQNF@AgNP substrates, which is well consistent witle tharrow
distribution of the Raman signal intensity. For gamson of SERS performance
between two types of TiOnanostructures, the random 10 measurements of PIER
spectra from TIGNF@AgNP and TIGNR@AgNP were conducted. As seen in
Figure 3e, we found that the PIERS performance iGLNF@AQNP is better than
that of TIGNR@AQgNP after ultraviolet light irradiation. Moreer the signal
intensity of TIGQNF@AgNP at 1078 crhis [2 times of TIQNR@AgNP (Figure 3f),
and the prominent PIERS performance of JNB@AgNP over TIGNR@AgNP may
be ascribed to its high specific surface area (Btaal.,, 2008; Chen et al., 2010).
Additionally, their corresponding reliability alse acceptable. Taking together these

results, TIQNF@AgNP was used as substrates for further analysis

To gain deeper insight of SERS performance of PIEBSor, we exploited FEM
method to carry out a theoretical simulation anttudated the EM-field intensity
distribution. As shown in Figure 3g, h and i, thexamum value of EM-field intensity
of Ag-Au is ~6 times of TIGNR@AgNP and~4 times of TIQNF@AgNP without
ultraviolet irradiation, which suggests strong pilasic coupling for Au-Ag
nanoparticles via the bridge connection of ATHs hoted that the Raman intensity is
proportional to the fourth power of the electrieldi (Moskovits 2005; Theiss et al.,
2010). Consequently, the FEM data indicates thé higfivity of our sensor, which

effectively facilitates the increasing of Ramamsilg.
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Figure 3. Raman performance of the prepared TiO,@AgNP substrate. (a) The
schematic of PIERS via a charge transfer. (b) Tdrmeparison of PIERS spectra and
SERS spectra for 4-MBA on TWRIF@AQgNP substrate. (c) A time-dependent PIERS
signal at 1078 cih of 4-MBA on TiONF@AgNP substrate after ultraviolet
irradiation. (d) Raman mapping of 4-MBA on TIF@AQNP substrate. Inset:
distribution of Raman signal intensity. (e) The dam 10 measurements PIERS
spectra of 4-MBA on TIGNF@AQgNP (red line) and T¥NR@AQgNP (brown line)
substrate. (f) The PIERS signal at 1078%anf 4-MBA on TiONF@AgNP (red) and
TiIO,NR@AgNP (brown) substrate. The simulated EM-figliensity distribution of
(9) TIOLNR@AGgNP, (h) TIQNF@AgNP and (i) Ag-Au nanopatrticles.

3.3 PIERS sensor for ATP detection

According to previous studies (Zuo, Xiao et al.020Kashefi-Kheyrabadi and
Mehrgardi 2012), ATP binding aptamer, a 27-basglsiDNA, could be split into two
segments of 13-base, 3' (DNA1) and 14-base, 5 (RNAo construct a sandwich
apta-sensor for ATP detection, wherein ATP moleswere immobilized via two
segments of ATP aptamer folding around ATP molecaled forming an associated
complex, a G-quarter structure (Huizenga and Sko%895). The details on the

binding mechanism are illustrated in Figure S1.t@m basis of these findings, we
13



used DNA1 and DNA2 to modify TEDIF@AgNP and 4-MBA-labeled AuNPs,
respectively. Observed from Figure 4a, DNALl-modifidiO.NF@AgNP and
DNA2-modified AuNPs probes would capture ATP moleswn the dependence of
the high affinity of aptamers and ATP moleculegiucing TIQNF@AgNP binding
with AuNPs-ssDNA2 probes. In addition, we charaeest the morphologies of the
TiIO.NF@AQgNP substrate after the assay. No obvious nodogital changes of the
TiIO.NF@AQNP was observed and the AuNPs were found widpersed on AgNPs
(Figure S2), suggesting AuNPs binding to INB@AQgNP as expected. As a result,
the Au probes with 4-MBA reporter were immobilizesh the TIQNF@AgNP

substrate, and a PIERS sensor for ATP detectiontiha been constructed.

Next, we exploited the constructed PIERS sensaletect ATP molecules. Figure
4b presents the response of the PIERS sensor thfteeent ATP concentrations. We
found the Raman intensity as a function of ATP ewmiation, indicating that more
4-MBA labeled-AuNPs probes were bound onto ;NB@AgNP substrate with the
addition of more ATP molecules. Thereafter, theR3Eband intensities versus ATP
concentration on a logarithmic scale were furthensarized. As shown in Figure 4c,
the intense PIERS peak at 1078 tim the spectra is used as a calibration band, and
the intensity is linearly correlated to ATP coneatibn on a logarithmic scale ranging
from 1 uM to 0.1 nM. In addition, the LOD of our PIERS sensvas determined to
be 0.1 nM, which is lower than previous electrocloain (Zuo et al., 2007;
Kashefi-Kheyrabadi and Mehrgardi 2012; Liu et @D14) and fluorescent methods
(Kim et al., 2010; Liu et al., 2014; Wang et alQ18; Wei, Chen et al., 2015),
comparable to or lower than SERS methods (Ye, Xiaal., 2013; Xu et al., 2017)
(see Table S2). The low LOD that our PIERS sengbibéed can be attributed to: i)
photo-induced activation, ii) hot spot between AgN#hd 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 di#nt concentrations of ATP. (c)
The linear range of PIERS sensor response to ATPO@8 cnit of 4-MBA. (d)
Selectivity of the PIERS spectra with ATP and ATflags. (e) The PIERS signal at
1078 cn* of 4-MBA for ATP detection compared to ATP analogs

In order to evaluate our PIERS sensor for spedftection of ATP, control
experiments were carried out. As presented in Eigid, even 1QuM typical ATP
analogs showed much weaker responses than ATP1lwifd, which suggests the
good specificity of our system for ATP detectiorotably, the good selectivity of the
sensor shown in Figure 4d and e can be ascribdtetepecific recognition ability of
aptamers towards ATP. Taking together these resolis PIERS sensor based on

photo-excitation increasing SERS effect exhibitghhsensitivity 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 platfomve exploited this PIERS
sensor to detect other analytes. As one of the mostmonly studied proteins,
thrombin was chosen as the next molecular targatolingly, we took place of the
DNA probe with an anti-thrombin aptamer sequencs @ al., 2010). As described
in Figure 5a, two anti-thrombin aptamers (DNA3 abiNA4), which formed
G-quartet structures and bound to different domainanti-thrombin, were designed
to modify TIONF@AgNP and AuNPs, respectively. In addition to ecolar
recognition elements, anti-thrombin aptamer alsohigh affinity with anti-thrombin.
Thus, the presence of thrombin induced DNA3-modiflBO,NF@AgNP binding
with DNA4-modified AuNPs probes, forming a “sandtviassay’. As a result, the
constructed PIERS sensor was allowed to deteatthiro As presented in Figure S3a
and Figure 5b, we found that this PIERS sensor elubited excellent sensitivity
toward thrombin, showing a wide linear range fromM to 50 pM and a remarkable
detection limit of 50 pM, which is comparable tolower than the previous SERS
methods (Cho et al., 2008; Hu et al., 2008; Bailet2013) (see Table S3). Moreover,

this thrombin sensor also shows good selectivigr@ther analogs (Figure S5a).

Consequently, we believe that PIERS sensor mayigeaw versatile platform for
detection of a broad range of biomolecules by tiralmnation of aptamers. To further
confirm this, we took advantage of the PIERS-badatform to detect cocaine which
is one of the most studied drugs. The cocaine bihdiptamer, a 32-base single
aptamer, was split into 12-base, 5’ (DNA5) and 28d) 3' (DNAG6) based on previous
report (Zuo, Xiao et al., 2009). Similarly, TIRF@AgNP and AuNPs were modified
with DNA5 and DNAG, two segments of cocaine bindamamer, respectively. The
presence of cocaine could induce the associatidDNA5-modied TIQNF@AgNP
and DNA6-modified AuNPs, forming a three-way junctiin which cocaine binding
site is located in the lipophilic cavity (Stojanowt al., 2001) shown in Figure 5c. The
details on the binding mechanism are further ithtstd in Figure S4. As expected in
Figure S3b and Figure 5d, it is found that the FBERensity is linearly correlated to

cocaine concentration on a logarithmic scale inrimge from 1M to 5 nM and its

16



corresponding LOD is 5 nM, which is lower than firevious SERS methods (Chen,
Jiang et al., 2008; Yang et al.,, 2011; Zhao, Sheal.e 2014) (see Table S4). In
addition to its high sensitivity, our detection théam also enables specific detection
of cocaine (Figure S5b). Note that our detectiomsgiity can be further improved
when combined with strategies of signal amplifieatiand/or rational designed
nanostructures that could achieve high light-ugeieicy, for instance, 3D photonic
crystals that can function as efficient opticalesnmas, and areoles arrays with high
surface area (Shen, Li et al., 2012; Yang et &1152 Li et al., 2018). Given these

results, our prepared PIERS sensor could be usadearsatile detection platform.
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Figure 5. PIERS sensor for anti-thrombin and cocaine detection. (a) The
schematic of PIERS sensor for anti-thrombin detect{b) The linear range of PIERS
sensor response to anti-thrombin. Inset: PIERSctete of thrombin in the low
concentration range. (c¢) The schematic of PIERSa@elor cocaine detection. (d) The
linear range of PIERS sensor response to cocaiset:IPIERS detection of cocaine

in the low concentration range.

We also carried out recovery experiments to vetify reliability and feasibility of
our sensing platform for practical assays, in widdferent concentrations of targets

were added into the 100-fold diluted healthy humaal serum samples. We
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discovered that the recovery in serum samples mafrgen 95.7% to 105.4% with
RSD values ranging from 2.6 to 4.8% (Table S5, &6d S7), indicating the
feasibility of this versatile detection platformrfolinical analysis. In biological and
biomedical analysis, nonspecific protein adsorptioight be an important factor
influencing the detection performance of bioseng8tebiecka 2014). For example,
the plasmonic fields in noble metal nanostructwaas be modulated by the dielectric
function of the protein shell, resulting in a dexge in the SERS efficiency (Stobiecka
and Chalupa 2015). In our system, assembly of boligo (ethylene
glycol)-terminated thiols and thiolated DNA probes AuNPs or AgNPs can be
utilized to address this issue because of the mdinfp property of oligo (ethylene
glycol) that can repel nonspecific adsorption oftgires in complex systems (Zhang et
al., 2008; Wan et al., 2010; Wan et al., 2013).eflasn the above results, it is
anticipated that our PIERS sensor as a versatikrgen platform can be applied for

practical analysis.
4. Conclusions

In summary, a versatile biomolecular detectionfptat based on PIERS effect has
been constructed for ultrasensitive detection oftipla analytes. The PIERS sensor
for biomolecular detection provides several advgegaFirst of all, the PIERS sensor
can be rapidly and reliably developed, just relyimg the molecular recognition
capacity of aptamers and the high affinity of apgesnwith analyte to trigger
TiIO,@AgNP substrates binding with Raman tag-labeled Psildrobes. Second, the
combination of plasmonic nanoparticles with phattvated substrates enables our
PIERS sensor with improved sensitivity beyond trenmmal SERS effect upon
ultraviolet light irradiation. Finally, the PIERSemsor can serve as a versatile
detection platform for sensitively detecting vasohiomolecules including small
molecules (ATP, LOD of 0.1 nM), a biomarker (afre¢mbin, LOD of 50 pM), and a
drug (cocaine, LOD of 5 nM). The good specificitydahigh sensitivity of our PIERS

sensor are ascribed to: i) photo-induced activatiprhot spot between AgNPs and
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AuNPs, and iii) the high affinity of aptamers witmalytes. Given its various
advantages including simplicity, low cost, and nmiét analytes detection, this

versatile biomolecular detection platform showsyiging potential for practical use.
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Highlights
A Versatile Biomolecular Detection Platform Based on
Photo-Induced Enhanced Raman Spectr oscopy

A photo-induced enhanced Raman spectroscopy (PIERS) sensor was devel oped
based on TiO.@Ag.

This PIERS sensor can detect various biomolecules with good specificity and
high sensitivity.

This versatile biomolecular detection platform shows promising potential for
practical use.
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