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Abstract

As one of the most toxic heavy metals, hexavalent chromium (Cr(VI)) has long been a concern due to its threats to human health and the
environment. In this work, we develop a sensitive surface-enhanced Raman scattering (SERS) sensor for highly specific detection of Cr(VI)
using hollow sea urchin-like TiO,@Ag nanoparticles (NPs). The TiO,@Ag NPs are functionalized with glutathione (GSH) and used as
substrates with 2-mercaptopyridine (2-MPy) as a Raman reporter for a recyclable SERS-active sensor, enabling ultrasensitive detection of
Cr(VI). Excellent SERS signals of 2-MPy reporters are detected when GSH complexation with Cr(VI) causes aggregation of the TiO,@Ag
NPs. The developed sensor exhibits good linearity in the range from 10 nM to 2 uM for Cr(VI) with a detection limit of ca. 1.45 nM. It
features excellent selectivity to Cr(\V1) over other interfering metal ions, and good application for quantitative analysis of Cr(VI) in water
samples. Moreover, the proposed SERS sensor can be fully regenerated when exposed to UV light as a result of the self-cleaning ability of
the substrates. In contrast to the traditional SERS detection, the present work shed new light on the design and synthesis of hierarchically
self-assembled 3D substrate for SERS, catalysis and biosensor development.

Keywords: Hexavalent chromium detection; Surface-enhanced Raman scattering (SERS); Hollow sea urchin-like TiO,@Ag NPs;
Recyclable detection

1. Introduction

Contamination by heavy metals ions has become a serious threat to the environment and living organisms. Among various heavy
metals, chromium has been widely used in various industries and has become a major environmental contaminant (Gomez and
Callao 2006; Jakubowska 2010; Pellerin and Booker 2000; Sun and Liang 2008). The physicochemical and toxicological properties
of chromium depend entirely on its oxidation state (Katz and Salem 1993). Tervalent chromium (Cr(l11)) is known as an essential
trace element for maintaining normal physiological function, whereas hexavalent chromium (Cr(V1)) is highly carcinogenic and
mutagenic, about 100 times more toxic than Cr(l11) (Wang et al. 2004), and it universally exists as an oxyanion (CrO,*") in aqueous
solution (Saha et al. 2011). Therefore, the reduction of Cr(\V1), which exist as the chromate anion (Cr,0,%") in weakly acidic and
basic aqueous solution, to Cr(l11) is a crucial process for the detoxification of Cr(\VI1)-contaminated water and wastewater. According
to the United States Environmental Protection Agency (USEPA), the concentration of the total chromium content in drinking water
is regulated with a maximum limit of 100 pg/L (Sarkar et al. 2014). Due to the increasing threat of Cr(\VI) exposure in the
environment, there is a clear unmet need for accurate and reliable method for the determination of Cr(\V1). Detection of Cr(V1) has
been carried out by a wealth of traditional analytical techniques, including atomic absorption spectrometry (Gardner and Comber
2002; Kiran et al. 2008), spectrofluorometry (Paleologos et al. 2001; Tsuyumoto and Maruyama 2011), spectrophotometry
(Themelis et al. 2006; Wu et al. 2013), electrochemistry (Jin et al. 2014; Li et al. 2009), inductively coupled plasma-mass
spectrometry (ICP-MS) (Wang et al. 2010). While many of these methods are sensitive and accurate, they are also costly,
time-consuming and require tedious sample pretreatments.

As a result of the integration of extraordinary sensitivity, unique spectroscopic fingerprint, and non-destructive data acquisition,
surface-enhanced Raman scattering (SERS) has emerged as a promising spectroscopic tool for the identification and detection of the
chemical and biological molecules located near/at nanostructured metal surfaces (Dasary et al. 2009; Graham et al. 2008; Lee and
Moskovits 2010; Lim et al. 2011; Liu et al. 2012; Shi et al. 2015; Smith 2008; Zheng et al. 2015). SERS has the potential to achieve
high sensitivity as well as selectivity toward Cr(VI) (Du and Jing 2011; Ji et al. 2015; Mosier-Boss and Lieberman 2003;
Mosier-Boss and Putnam 2013; Xiao et al. 2012). However, because metal ions including Cr(V1) do not exhibit Raman signals, their
detection using the SERS technique can only be achieved either via indirect methods that correlate changes in the absolute SERS
intensity of a Raman label in the presence of the analyte (Krpeti¢ et al. 2012; Zhang et al. 2013) or by direct detection, in which the
nanoatomic ions coordinate an organic chemoreceptor whose SERS spectrum is sensitive to the presence and extent of complexation
(Tsoutsi et al. 2013; Tsoutsi et al. 2011).

Most SERS—based Cr(VI) sensing studies use SERS active metallic nanoparticles (Du and Jing 2011; Mosier-Boss and
Lieberman 2003; Mosier-Boss and Putnam 2013; Xiao et al. 2012). However, the SERS signal of a single nanomaterial (Au or Ag) is
too weak for wide application in ultrasensitive detection. In recent years, researchers have found that a SERS substrate with metallic



nanostructure dominate the SERS signal enhancement due to the strong local electromagnetic (EM) field coupling effect of adjacent
metal nanostructures (Anker et al. 2008; Genov et al. 2004; Lee et al. 2006; Wang et al. 2005). In addition, it is widely accepted that
Raman signals are also closely related to the morphology of SERS substrates. Therefore, metals with different architectures have
been widely constructed to obtain effective SERS active-substrate (Shen et al. 2008; Yoon et al. 2008). Among various architectures,
3D nanostructures (such as flower-like (Wang et al. 2011), star-like (Kumar et al. 2007), sea urchin-like (Bakr et al. 2006; Lu et al.
2008) and dendritic morphologies (Ren et al. 2012) ) are far superior because their 3D spatial structures can generate more active
“hot spots” (Ko and Tsukruk 2008; Zhang et al. 2008), and several novel properties. In particular, a new family of 3D substrates, sea
urchin-like hollow nanostructure decorated with metal NPs, possess a high surface-to-volume ratio, and rich surface tips. Their open
morphology preserves the large active surface area and the interstitial channels for diffusion of probe molecules into the structure,
thereby improving the efficiency of surface reactions (Zhu et al. 2008). Therefore, they are very appropriate for assembling as a
SERS sensor. Despite these amazing advances, it should be emphasized that most of these SERS substrates are discarded after one
detection because they cannot be recycled. The combination of noble metals and semiconductor materials as recyclable SERS
substrates has been proved to be an effective way of solving the problem described above (Esmaielzadeh Kandjani et al. 2014; Shan
et al. 2015; Zhang et al. 2015).

Recently, due to its remarkable physical and chemical properties, TiO, has been applied in photocatalysis, pollutant degradation
and even analytic detection (Es-Souni et al. 2010). It has been reported that TiO, can be exploited as a potential candidate for the
fabrication of SERS substrates (Ji et al. 2011; Musumeci et al. 2009). Furthermore, efforts have also been dedicated to fabricate
hybrids consisting of TiO, and Ag/Au NPs to obtain a synergic effect of electromagnetic (EM) and charge transfer (CT)
enhancements, also to exploit high surface area with increasing amount of adsorbed molecules (Lamberti et al. 2015; Tan et al.
2012), and these hybrids can serve as recyclable SERS-active substrates for photocatalysis under UV light irradiation (Li et al. 2010;
Zou et al. 2013).

In the present work, we use the characteristics of sea urchin-like TiO,@Ag nanostructures to prepare a multifunctional
SERS-active substrates (Li et al. 2015; Su et al. 2014), which can be applied to the recyclable SERS detection. We propose a simple
and efficient protocol for the synthesis of sea urchin-like TiO,@Ag nanostructures, and demonstrate their application as novel
SERS-active substrates for Cr(VI) detection based on a “signal-amplification” strategy capable of generation for multiple sensing
events. The design and fabrication of stable, homogeneous, reproducible and recyclable TiO,@Ag hybrids is achieved via a
hydrothermal reaction of SiO,@TiO, core-shell microspheres in the presence of NaOH to form hollow sea urchin-like TiO, NPs.
Then, Ag NPs are deposited on the TiO, surface, resulting in a strong local surface plasmon resonance (LSPR) absorption strength
and highly sensitive SERS enhancement. The sensitivity and reproducibility of the substrate were investigated by applying
Rhodamine 6G (R6G) as a Raman reporter molecule. Quantitative determination of Cr(VI) was achieved using a portable Raman
spectrometer, based on the functionalization of the hollow TiO,@Ag NPs with glutathione (GSH) and 2-mercaptopyridine (2-MPy).
When moderate amount of GSH and 2-MPy are present, the TiO,@Ag NPs keep in a state of suspension. However, the presence of
Cr(VI) would lead to the aggregation of TiO,@Ag NPs to form many SERS “hot spots”, and significant SERS enhancement signals
of the Raman reporter molecule, 2-MPy. Our proposed SERS sensor features high sensitivity, reproducibility and selectivity, and
exhibits a limit of detection (LOD) for Cr(V1) of ca. 1.45 nM. The practicality of this proposed method was further validated through
the detection of Cr(V1) in water samples.

2. Materials and methods
2.1. Chemicals and reagents

Tetraethyl orthosilicate (TEOS, 99%), tetrabutyl titanate (TBOT, 99%), Glutathione (GSH, 98.0%) and silver nitrate (AgNO3, 99.8%)
were purchased from Sigma-Aldrich; Anhydrous ethanol, polyethylene glycol (PEG, MW 6 000), ammonium hydroxide (NH;-H,0, 28%),
hydrochloric acid (HCI, 36.5%), sodium hydroxide, trisodium citrate, potassium dichromate (K,Cr,05) were of analytical grade and obtained
from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Rhodamine 6G (R6G) and 2-mercaptopyridine (2-MPy) were purchased
from Solarbio and were used without further purification. Milli-Q water produced by a Milli-Q system (Millipore, Bedford, MA) was used in
all experiments. The real samples of river water were collected from East China University of Science and Technology, Shanghai, China.

2.2. Instrumentation

To demonstrate the overall uniformity and morphology of the particles, the samples were examined by transmission electron microscopy
(TEM, JEM-1400) and high-resolution transmission electron microscopy (HRTEM, JEM-2100). The samples for the TEM measurements
were suspended in ethanol and supported onto a Cu grid. The crystalline structure was investigated by X-ray powder diffraction (XRD;
Rigaku D/max 2550 VB/PC, Japan), in a 26 range from 10° to 80°, using Cu Ko radiation. The optical absorption spectra were acquired on a
UV-vis spectrometer (Shimadzu UV-1800, Japan). During the photocatalytic processes, a 15 W mercury lamp with maximum emission of
365 nm was used as the UV light source. Raman spectra were collected on a portable Raman spectrometer (B&W Tek Instruments, USA)
equipped with a 785 nm laser, a charge-coupled device (CCD) detector and a 40 x objective lens with numerical aperture (NA) 0.65. The
acquisition and analysis of Raman data were performed by using the BWSpec4 software.

2.3. Preparation of sea urchin-like TiO, nanoparticles

The monodisperse SiO,@TiO, core-shell nanospheres were obtained through a templating approach. First, colloidal SiO, particles were
prepared based on a typical ammonia-catalyzed Stober method. A mixture of 3 mL of NHjz-H,O solution (28%), 3 mL of deionized water and
19 mL of absolute ethanol was stirred vigorously for 20 min. Then, a TEOS solution prepared by dispersing 1.3 mL of TEOS into 3.7 mL of
absolute ethanol was quickly introduced into the above system, and the sol-gel process was allowed to proceed under agitation for 2 h at



room temperature. The precipitated SiO, was then separated by centrifugation and washed with deionized water and ethanol, followed by
drying at 60 °C for 6 h under vacuum. For the TiO, coating, 0.06 g of the obtained SiO, nanospheres was redispersed in 40 mL of absolute
ethanol by ultrasound, followed by the addition of 0.3 mL of NH3-H,O solution (28%). The mixture was transferred to a flask and stirred
mechanically for 15 min at 45 °C. A mixture of 0.8 mL of TBOT with 20 mL of absolute ethanol was added dropwise to the suspension with
continuous stirring to form an emulsion, and the final mixture was aged at 45 °C for 24 h under continuous mechanical stirring. The resultant
products were then separated and collected by centrifugation, and washed 3 times with deionized water and ethanol, respectively. The
obtained powders were dried at 60 °C for 6 h under vacuum. Subsequently, 0.06 g of the resulting nanospheres was mixed with 40 mL of
NaOH solution (2.0 M) using magnetic stirring for 4 h to remove SiO, cores. The mixture was then transferred to a Teflon-lined stainless
steel autoclave (50 mL capacity), and was hydrothermally treated at 120 °C for 2 h, followed by cooling to room temperature. The
as-prepared products were thoroughly washed with water 3 times to remove any ionic impurities, and dried at 60 °C for 6 h under vacuum.
Finally, to obtain a highly crystalline anatase phase, 0.04 g of titanate hollow nanoparticles was immersed in 10 mL HCI (0.1 M) for 20 min,
and then washed with deionized water until neutral, followed by a calcination process in air at 450 °C for 4 h to remove all organic
compounds and crystallize the anatase TiO,.

2.4. Synthesis of Ag nanoparticle-decorated TiO, nanoparticles

For the preparation of TiO,@Ag NPs, in a typical synthesis, 40 mg of the previously prepared hollow TiO, spheres were
soaked in 50 mL deionized water, followed by adding 9 mg of AgNO3, and the solution was stirred by a magnetic stirrer at 60 °C
for 30 min. Subsequently, 0.8 mL of sodium citrate (1 wt%) aqueous solution was added slowly into the system, and the reaction
proceeded for 1 h in a water bath at 90 °C under magnetic stirring. The final black products were collected by centrifugation and
washed 3 times with deionized water and ethanol, then dried at 45 °C for 8 h under vacuum.

2.5. Functionalization of TiO,@Ag NPs

The GSH and 2-MPy functionalization of TiO,@Ag NPs was accomplished following a simple procedure. In brief, an aliquot of
TiO,@Ag NPs was dispersed in 1 mL of PEG (8%, MW 6 000) to keep the nanoparticles suspended. Then, the TiO,@Ag NPs surfaces were
modified by the addition of 100 unL. GSH (100 uM), 400 pL 2-Mpy (500 uM), to the above TiO,@Ag NPs colloid in phosphate buffer (pH
6.5) with shaking for 2 h at 4 °C.

2.6. SERS detection of Cr(VI)

For detection of Cr(V1), various concentrations of Cr(VI) (2 nM~12 uM) were prepared using serial dilution of a K,Cr,0O5 stock solution.
Briefly, 200 pL of Cr(VI) at a series of different concentrations was mixed with 1.0 mL of the as-prepared GSH/2-Mpy-modified TiO,@Ag
NPs colloid. After incubating in 0.1 M phosphate buffered saline (PBS, pH 7.4) solution at 4 °C for 20 min, the TiO,@Ag NPs were
centrifugated at 10 000 rpm for 3 min and the supernatant was removed to give a residual volume of 20 pL. Afterwards, 10 uL of the residual
TiO,@AgNPs solution was deposited on a cleaned silica slide and air-dried as SERS substrates for further SERS measurement.

3. Results and discussion
3.1. Synthesis of sea urchin-like TiO,@Ag nanospheres

As illustrated in Scheme 1, the hollow sea urchin-like TiO,@Ag nanospheres were designed strategically and fabricated by a
multistep protocol. Schematically, the SiO, nanoparticles were first synthesized via a modified Stober method (Rao et al. 2005). The
TiO, shell layer was then grown on the surface of SiO, nanospheres through a controlled sol-gel process, in which tetrabutyl titanate
(TBOT) was hydrolyzed and condensed in ethanol/ammonia alkaline solution (Joo et al. 2012; Li et al. 2012). After a hydrothermal
treatment of SiO,@TiO, core-shell nanospheres in NaOH aqueous solution at 120 °C for 2 h, a novel sea urchin-like yolk-shell
structure with radially extending nanofibers was obtained. Afterwards, a highly crystalline TiO, with sea urchin-like morphology was
obtained through acid-treatment of the titanate followed by calcination. Finally, Ag NPs were loaded on the nanofibers of the
nanoparticles via in situ reduction of AgNO; with trisodium citrate.

TBOT NaOH
—— ——
Sol-gel Hydrothermal

process treatment

Sio, SiO,@TiO, Titanate

Acid s
Calcination
post-treatment

AgNO,
NH,'H,0

TiO,@Ag Hollow TiO,

Scheme 1. Schematic illustration of the Fabrication of Hollow Sea Urchin-Like TiO,@Ag NPs.



3.2. Characterization of nanoparticle substrate

The morphologies and structure of the as-prepared nanospheres at various stages in the synthesis process were first examined by TEM.
As shown in Fig. 1A, the SiO, nanoparticles with an average diameter of 200 nm display a well-defined spherical or sphere-like structure. A
uniform shell of TiO, with a thickness of about 85 nm was coated onto SiO, cores, which ensures the degradation of analyte so that the
SERS substrates can be re-used. After treatment in a solution of NaOH, the SiO, cores were largely dissolved through etching, generating a
sea urchin-like hollow structure about 600 nm in diameter. The nanofibers of the outer shell possess an average length of 95 nm.
Additionally, HRTEM images revealed that the overall morphology of as-prepared TiO,@Ag NPs was almost maintained and that Ag
nanoparticles with an average size of 40 + 8 nm were finely dispersed on the surface of the TiO, hollow spheres.

The crystal structure and phase purity of the as-synthesized products were identified by X-ray diffraction (XRD). As shown in Fig. 1B,
the as-prepared SiO,@TiO, sample exhibits a broad peak between 20° and 30°, which is the background peak attributed to the glass slide.
No other diffraction peaks are observed in the pattern, indicating that the SiO,@TiO, sample is amorphous. After calcination at 450 °C for 4
h, the XRD pattern shows new characteristic diffraction peaks that can be accurately assigned to the anatase phase of TiO, (JCPDS card No.
21-1272), indicating that the nanostructures are highly pure. Although Ag peaks are located at most the same 26 angles as anatase phase, four
characteristic peaks of Ag displayed in the pattern of TiO,@Ag NPs can be distinguished and indexed as the (111), (200), (220), and (311)
planes. Fig. 1C shows the corresponding diffuse-reflectance absorption spectra of the as-obtained SiO,@TiO,, hollow sea urchin-like TiO,,
Ag NPs and TiO,@Ag NPs hybrids. SiO,@TiO, yields an absorption peak in the UV region around 296 nm, which is assigned to the
characteristic absorption peak of TiO,. The sea urchin-like hollow TiO, exhibits broad absorption in the visible light region, which can be
ascribed to the characteristic of anatase phase and hollow structure (Syoufian et al. 2007; Yu et al. 2007). The Ag NPs exhibit a strong and
sharp LSPR at wavelengths around 414 nm. However, it is a remarkable fact that after Ag NPs were loaded on the hollow TiO,, the LSPR
wavelength is significantly red-shifted about 78 nm and prominent absorption in 400~800 nm wavelength range is observed, indicating
effective surface plasmonic couplings produced between the metallic Ag nanocrystals and anatase-TiO, (Tsoutsi et al. 2013). As a result, the
developed SERS substrates feature much stronger Raman signals than the pure Ag NPs (Fig. S1). The deposition density of Ag NPs was
optimized by changing the concentrations of AgNOs, and the SERS properties are displayed in Fig. S2. The significant SERS enhancement
of the sea urchin-like hollow TiO,@Ag NPs substrates is primarily ascribed to the local electromagnetic effect. The charge transfer from Ag
to TiO, results in the formation of an internal electric field, and causes the formation of local electric fields around the Ag NPs. The surface
plasmon resonance (SPR) can enhance the localized electromagnetic field and improve the Raman scattering of the analytes. Moverover, the
abundant needle-shaped nanofiber structures on the surface of sea urchin-like hollow TiO,@Ag NPs can uninterruptedly amplify the surface
plasmon excitation; resulting in the further increase of SERS signals. Besides, the high aspect ratio of the sea urchin-like TiO,@Ag NPs
hybrids is obviously larger than that of a flat surface of the same area, which may lead to contacting with more probe molecules, thus lead to
the enhancement of SERS. Typically, as shown in Fig. 1D, the prominent SERS intensity of R6G with different concentrations (from 10 *2
M to 10 ® M) adsorbed on the optimal TiO,@Ag NPs was measured. The characteristic peaks of R6G can be identified clearly even at a
concentration as low as 1072 M, and the enhancement factor (EF) of the sea urchin-like TiO,@Ag NPs was calculated to be 7.6 x 10° (see
the Supporting Information for a detailed calculation of EF). Furthermore, the prepared SERS-active substrates can be recycled and still
show significant photocatalytic activity. As shown in Fig. S3, the remarkable photocatalytic capability of TiO,@Ag NPs could be employed
to degrade the R6G molecules after performing SERS analysis once, and then the TiO,@Ag NPs substrates could be used for the further
detection.
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Fig. 1. (A) Characterizations of the nanoparticles at various stages of the synthesis process, including (A) TEM images of SiO,,
SiO,@TiO,, hollow TiO,, and TiO,@Ag NPs (clockwise from top left). (B) XRD patterns of SiO,@TiO,, hollow TiO,, and TiO,@Ag
NPs. (C) UV-visible spectra of the as-prepared SiO,@TiO,, hollow TiO,, TiO,@Ag NPs and Ag NPs. (D) Raman spectra of R6G
molecules (from 107 M to 10°® M) from the surface of TiO,@Ag NPs substrate. SERS detection parameters: A excitation = 785 NM,
accumulation time = 10 s, laser power = 100 mW.

3.3. Working principle of Cr(VI) detection



Scheme 2 schematically illustrates the mechanism forCr(V1) detection using ‘sea urchin-like TiO,@Ag NPs together with GSH and
2-MPy. A certain concentration of buffer salt solution can destroy the stability of the TiO,@Ag NPs, and consequently lead to aggregation of
the nanoparticles. It has been reported that glutathione (GSH), a thiol—containing oligopeptide (y-Glu-Cys-Gly) can bind to TiO,@Ag NPs
through Ag—S bonds (Chen et al. 2010). Polypeptide have a good protective effect on Ag NPs, therefore GSH can effectively prevent the
nanoparticles from salt-induced aggregation. Moreover, it can act as a ligand and bind to Cr(VI) through the formation of Cr(VI)-GSH
complexes (Gaggelli et al. 2002; Grill et al. 1985; Zhang et al. 2009), which would destroy the stability of the GSH-functionalized TiO,@Ag
NPs and lead to aggregation. The Raman reporters of 2-MPy are labeled on the Ag NP surfaces through two possible binding sites, the
mercapto group and the amino group (Baldwin et al. 1997; Nalbant Esenturk and Hight Walker 2009). Before the experiment, the
unmodified TiO,@Ag NPs colloid is first stabilized by a stabilizer PEG 6000 (8%) coating on the NPs surfaces (Fig. S4) (Zhang et al. 2012).
In the absence of Cr(VI), the GSH-modified TiO,@Ag NPs colloid remain in a well-dispersed state. On the contrary, in the presence of
Cr(V1), the formation of metal sulfide-phytochelatin lead to dramatic aggregation of nanoparticles which is visible to the naked eye. The
aggregated TiO,@Ag NPs SERS-active substrates can produce a number of “hot spots”, and thus strong SERS enhancement signal of 2-MPy
is obtained.

“94: GSH *: 2-MPy Q: Cr(VD) BSS: Buffer Salt Solution

Scheme 2. Schematic Representation of SERS Sensing Strategy for Cr(VI) Detection.

3.4. Investigation of the feasibility

As shown in Fig. 2, control experiments were performed to verify the feasibility of the SERS sensing for Cr(V1) detection. In the absence
of 2-MPy, no SERS signal was observed (curve a—c). In the presence of 2-MPy and GSH, there was no apparent SERS signal (curve d, €).
However, several intense peaks were obtained in the simultaneous presence of Cr(VI), 2-MPy and GSH-modified TiO,@AgNPs (curve f),
demonstrating that the indirect SERS sensing method using 2-MPy as a Raman reporter is feasible for Cr(V1) analysis.

T 2000cps

abc
iy

Raman Intensity (a.u.)

f
e
d
C
b
a

400 600 800 1000 1200 1400 1600 1800
Raman shift (cm™)

Fig. 2. SERS spectra corresponding to (a) nonaggregated unmodified TiO,@Ag NPs in the absence of Cr(VI), (b) nonaggregated
GSH-modified TiO,@Ag NPs in the absence of Cr(VI), (c) aggregated GSH-modified TiO,@Ag NPs in the presence of 1.0 uM
Cr(V1), (d) nonaggregated 2-MPy-modified TiO,@Ag NPs in the absence of Cr(VI), (e) nonaggregated GSH/2-MPy-modified
TiO,@Ag NPs in the absence of Cr(VI) and (f) aggregated GSH/2-MPy-modified TiO,@Ag NPs in the presence of 1.0 uM Cr(VI).
The inset shows the corresponding sample photographs.

3.5. Optimization of experimental conditions

In order to acquire satisfactory SERS intensities and useful analytical results, several parameters were optimized. First, the effect of the
concentration of 2-MPy on SERS signal intensity was investigated. Six different concentrations of 2-MPy ranging from 107° M to 8x107 M
were tested, and the corresponding Raman spectra and a blank control spectrum were recorded in Fig. S5. The SERS signal intensity
increased as the concentration of 2-MPy increased with largest signal produced at 2x10~" M (Fig. S6A). Further increase in the concentration
of 2-MPy resulted in a decline in signal enhancement. Moreover, a higher concentration of 2-MPy also induced some nanoparticles
aggregation. Thus, 2x10~" M of 2-MPy was applied throughout the remaining work. The influence of GSH concentration on the SERS signal
intensity was also investigated. As shown in Fig. S6B, the SERS signal became more intense with increasing GSH concentration up to
6x107 M. A higher concentration of GSH led to aggregation of TiO,@Ag NPs. Thus, 6x10 " M of GSH was used throughout the rest of the
work.

3.6. Sensitivity investigation



Under the above optimized conditions, the ‘SERS- spectra 'of 2-MPy produced. from GSH-modified TiO,@AgNPs with different
concentrations of Cr(\V1) were recorded to determine the sensitivity. As shown in Fig. 3A and B, pronounced SERS bands of 2-MPy at 433,
634, 1002, 1050, 1083, 1114, 1413 and 1551 cm™* were unambiguously observed in the presence of Cr(VI). In addition, the SERS intensity
increased as a function of Cr(VI1) concentration, indicating that more 2-MPy-labeled GSH-TiO,@Ag NPs were aggregated with increasing
concentration of Cr(V1). Fig. 3C shows that the intensity of the 1002 cm* peak increased as the concentration of Cr(VI) increased, and a
satisfactory linear relationship was obtained for Cr(VI) concentrations up to 2 uM (R?= 0.996) as shown in the inset of Fig. 4C. The limit of
detection based on a signal-to-noise ratio of 3 was estimated to be 1.45 nM (about 75.4 ng/L, see the Supporting Information for a detailed
calculation of LOD), which is much lower than the maximum contaminant level for Cr(VI) in drinking water 100 pg/L defined by USEPA.
In addition, compared to the reported nanomaterial-based methods, our proposed SERS sensor also offers a high sensitivity for Cr(VI)
determination (Table S1). In order to verify that the SERS sensor is suitable for sensitive and specific detection of Cr(VI) in practical
applications, the detection of Cr(VI) in real samples (tap water and lake water) was investigated (Fig. S7). The data listed in Table S2
indicates that, when the known amount of Cr(VI) was added to these samples, the recovery of Cr(VI) ranged from 94.8% to 109.8%. These
results confirm that the proposed SERS sensor has high accuracy, reliability, and sensitivity to meet the requirements of the application.
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Fig. 3. (A) SERS spectra of 2-MPy for quantitative evaluation of Cr(VI) with different concentrations. Blank stands for the absence of
Cr(VI). (B) SERS spectra of 2-MPy for quantitative evaluation of Cr(V1) at low concentrations (2 nM, 6 nM, and 10 nM). (C) The curves of
Raman intensity at 1002 cm * changes upon the addition of different concentrations of Cr(V1). Inset shows a linear relationship in the lower
concentration range from 10 nM to 2 pM (R? = 0.986). The error bar represents standard deviation based on three independent
measurements. SERS detection parameters: Aeygitation = 785 NM, accumulation time = 10 s, laser power = 50 mW.

3.7. Selectivity and regeneration test

To investigate the specificity of the SERS sensor for Cr(\VI) detection, several typical metal ions were further examined by parallel
assays, including AI**, Ca*, Co*, cr¥, cu®, Fe® K, Mgb, Mn%*, Ni?*, Pb?*, and Zn?* at a concentration of 10 UM. As shown in Fig. 4A,
only feeble SERS intensities were observed for metal ions other than Cr(VI) due to their low binding affinity to GSH. Among these metal
ions except Cr(VI), a higher response was observed in Cu?*and Pb?". It is because the formation of coordination complexes between Cu?*
and GSH through -NH, group, and Pb?" and GSH through -COOH group, would lead to a slight aggregation of nanoparticles (Beqa et al.
2011; Fang and Zhou 2003), resulting in weak SERS signals. While distinct SERS enhancement was observed with the addition of 2 uM
Cr(VI1), indicating excellent selectivity of the developed SERS sensors for Cr(VI) detection. For direct quantitative comparison,
corresponding Raman intensities of the 1002 cm * peak of 2-MPy in the presence of the above substances are presented as histograms in Fig.
4B.

Because most of the current SERS sensors for the determination of Cr(V1) usually cannot be used more than once, it is highly desirable to
fabricate a recyclable Cr(VI) SERS sensor. As shown in Fig. S8, the photocatalytic activity of the fabricated SERS substrate for the
degradation of Cr(VI) under UV light irradiation was verified. By a simple photodegradation and rinsing process, all the analytes can be
completely removed from the surface of SERS substrates (see the Supporting Information for the experimental details). As shown in Fig. 4C,
over 5 cycles of surface regeneration experiment, the SERS intensity of the 1002 cm™* peak for 2-MPy varied by less than 8%, indicating that
the developed surfaces can be fully regenerated repeatedly following Cr(V1) sensing/degradation events.
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Fig. 4. (A) Selectivity of the present sea urchin-like TIO,@Ag NPs SERS-active substrate detection on Cr(VI) (2 uM) and other kinds of
metal ions (AI**, Ca®*, Co?, Cr¥, cu?, Fe*', K*, Mg?*, Mn?', Ni?*, Pb*, and Zn%', 10 uM for each ions). (B) The corresponding SERS
intensity of the 1002 cm™® peak was utilized for comparison. The error bar represents standard deviation based on three independent
measurements. (C) Raman spectra of five detection/UV light cleaning cycles of 3 uM Cr(VI). Each cycle consists of adsorption of the target
solution followed by UV light irradiation. The graph shows the Raman spectra before and after cleaning.

4. Conclusion

In summary, we have presented a new SERS sensing strategy for highly sensitive, specific, and reproducible detection of Cr(VI), based
on the use of a novel sea urchin-like TiO,@Ag NPs nanostructure. The presence of Cr(VI1) induces TiO,@Ag NPs aggregation through the
coordination of GSH to Cr(VI). The high-quality sensor allows high sensitivity and selectivity for Cr(V1) over other interfering metal ions.
Moreover, the SERS sensor features good recyclability due to the excellent self-cleaning ability of the TiO,@Ag NPs. We further
demonstrated that the SERS sensor is capable of analyzing Cr(VI) in lake and tap water samples with good accuracy. We envisage that the
present strategy can be modified for analysis of some other toxic metal ions in environmental and biological samples.
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Highlights

A simple method for ultrasensitive detection of Cr(VI) based on glutathione
functionalized TiO,@Ag NPs SERS sensor was developed.

e The TiO,@Ag NPs exhibits large SERS enhancement factors, and can serve as
recyclable SERS-active substrates.

e The method has a good linearity in the range from 10 nM to 2 pM for Cr(VI) with a
detection limit of ca. 1.45 nM.

e It features excellent selectivity to Cr(VI) over other interfering metal ions, and good
application in water samples.





