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Semiconductor-molecule surface-enhanced Raman scattering (SERS), especially the stronger interfacial
charge transfer process (ICTP), represents a frontier in the field of SERS with spectral reproducibility and
unparalleled selectivity. Herein, through a laser microfabrication method in situ, the free-standing, super
hydrophilic and vacancy-rich TiO,/Ti is successfully synthesized. Using blue TiOx/Ti (B-TiOx/Ti) as pre-
concentrated substrate, a nanomolar-level limit of detection of 12 nmol/L at 1385 cm™!, is confirmed using
crystal violet (CV) bacteriostat as a model under 532 nm excitation. Furthermore, the results demonstrate
that the SERS enhancement mechanism is via the moderate adulteration of oxygen vacancy, which leads
to a narrow value of band gap and increases the ICTP of substrate to molecules. Using a hand-held ex-
tractor assembled with B-TiOx/Ti microfiber, the operando analysis of mixtures distributed information
excited in different parts of Asian carp is facilely achieved. This work guides the controlled synthesis of
vacancy-rich TiO,.x/Ti nanostructure and its application in ultrasensitive extraction-SERS detection. It also
provides the direction for the rapid and operando transmission of biological information with temporal

and spatial concentration distribution in human tissues by highly sensitized materials.
© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Surface-enhanced Raman scattering (SERS), a powerful analyt-
ical methodology, is deemed to “molecular fingerprint” character-
istic and “label-free” trace recognition with advantages of sensi-
tive, reliable, non-destructive, rapid and quantitative detection [1-
3]. SERS has been extensively applied in multiple fields such as
surface/interface science [4], bio-detection [5], medical diagnosis
[6], environmental monitoring [7] and chemical analysis [8]. SERS
enhancement mechanism can be generally attributed to a combi-
nation of electromagnetic mechanism (EM) of nanostructured lo-
calized surface plasmon resonance (LSPR) by noble metals [9] and
chemical mechanism (CM) of chemical bonding interaction be-
tween the adsorbate and substrate [10,11]. Especially, semiconduc-
tor materials of CM explanation have aroused wide-spread concern
with the advantages of more flexible controllability and enhanced
selectivity of target molecules, such as TiO, [12], Ta,0s nanorods
[13], VO, nanosheets [14], ZnO nanorods [15] and urchin-like WO3
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[11,16]. The interfacial charge transfer process (ICTP) resonance can
be enhanced by regulating the exciton Bohr radius, band structure,
element doping, electron density, surface chemical stability, stoi-
chiometry, geometry and crystallinity [17-19]. However, the limit
of detection (LOD) and Raman enhancement factor (EF) of metal
oxides semiconductor substrates are still to be improved compared
to those of noble-metal structures. Therefore, the exploration of
optimized substrate to improve the ICTP efficiency is particularly
important [20,21].

TiO, semiconductor nanomaterial has attracted increasing inter-
est with the advantages of chemical stability, nontoxicity and low
price [22-25], but was suffered from ultraviolet light spectral range
due to the wide band gap at —3.0eV and —3.2eV corresponding
to rutile and anatase, which prejudiced the charge transfer (CT)
from TiO, to the probe molecule and caused the limitation of the
SERS effect [26]. Thus, TiO, was designed by band structure, and
surface physicochemical properties to elevate the ICTP efficiency,
which led to an improved SERS activity. Recently, oxygen vacancy-
rich defect engineering and element doping have been proved to
remarkably promote electron transportation and provides more ac-
tive sites [27-30]. For instance, Guo et al [12]. synthesized amor-
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Fig. 1. (a) Schematic diagram of TiO,4/Ti nanostructures synthesized by laser and corresponding FESEM images. (b) XRD patterns of TiO,/Ti prepared with different laser
fluences. (c) Ti 2p and (d) O 1s spectra of W-TiOy, B-TiOx and G-TiOx in XPS analysis. (e) UV-vis curves, the corresponding plots of (F(R)E)'? (f), UPS spectra (g) and the

proposed band structure (h) for W-TiOy, B-TiOy, and G-TiOx.

phous TiO, nanosheet as SERS substrate, which had an high EF
of 1.86 x 106 with optimized band structure and better electronic
density of states (DOS). Unsaturated coordination of surface tita-
nium (Ti) atoms and abundant surface oxygen allowed significant
CT from the combined molecule to semiconductor TiO, nanosheet.
These discoveries promised us to make the best of ICTP to enhance
the SERS sensitivity through controlling the defect sites of TiO,.

Because of the ultra-concentrated energy density and high lo-
cal thermal effect, laser microfabrication gradually emerged as an
efficient construction way through the laser heating directly on
the different metal surfaces, which was constructed with the ad-
vantages of controlled laser patterning design, mass preparation,
synthetic stacking faults suprananoparticles and providing abun-
dant reaction sites [31-34]. In light of the above considerations,
herein, we exhibited a preparative method in situ via laser for rapid
synthesis of oxygen vacancy-rich TiO,_,/Ti nanostructure. The syn-
thesized TiO,_,/Ti was used as the extraction-SERS substrate for
the preconcentration and detection of the bacteriostat crystal vi-
olet (CV) and the EF reached to 1.82 x 106. The SERS enhancement
mechanism was confirmed by experiments and DFT calculations.
Unsaturated coordination of surface Ti atoms and oxygen vacancy
generated by the high pulsed laser energy and local thermal ef-
fect, led to a narrow value of the band gap and high carrier mo-
bility. The satisfied results obtained in mixture samples showed
that the vacancy-rich B-TiOx/Ti substrate had practical value in
extraction-SERS application. This work provides valuable guidelines
for preparing and exploring defect engineering of other typical 2D
transition metal oxide, such as Ta;0s, VO, and ZnO nanorods.

The synthesis of vacancy TiO,,/Ti nanostructures was per-
formed by laser on Ti foil at ambient atmosphere. As shown in

Fig. 1a, the representative colors of TiO,_, coatings were grey blue,
blue and white at laser of 0.5]/cm?2, 2.0]/cm? and 5.0]/cm? with
little size difference in field emission scanning electron microscope
(FESEM) images, which was ablated with laser fluences of heating
effect (Fig. S1 in Supporting information, according temperature
about 280 °C, 350 °C and 850 °C), named as G-TiOyx, B-TiOx, W-
TiOy, respectively. The morphology of the prepared TiO,_y nanos-
tructures were sea urchin-like aggregates (Fig. S2 in Supporting
information). Transmission electron microscope (TEM) images of
TiO,_x showed that the legible nanoparticles were spherical mor-
phology and diameter was 10-50 nm (Figs. S3a—c in Supporting in-
formation). The X-ray diffraction (XRD) patterns of TiO,_,/Ti nanos-
tructure in Fig. 1b showed that the B-TiOx was composed of rutile
phase (PDF#72-1148) with characteristic peaks at 27.4° (110), 36.0°
(101), anatase phase (PDF#71-1167) with characteristic peak at
25.3° (101), TiO3 phase (PDF#71-1057) with characteristic peaks
at 23.9° (012), 34.9° (110), and TiO phase (PDF#77-2170) with the
characteristic peaks at 37.1° (111) and 43.2° (200). In addition, the
Ti substrate (PDF#44-1294) was also detected at 38.3° (002) and
40.1° (101). When the laser fluences decreased, the crystal pat-
terns transferred to the mixed phase (G-TiOx), which was com-
posed of Ti;O3 and TiO. When the laser fluences increased, the
crystal patterns of W-TiOx became to be mixed phases of rutile
and anatase. The images of high-resolution TEM (HRTEM) exhib-
ited a mixed crystalline structure clearly (Figs. S3d-f in Supporting
information). The obvious lattice fringes of 0.35nm and 0.32nm
were recognized as (101) plane and (110) plane of anatase and ru-
tile TiO,. The (200) plane of TiO lattice fringe was identified of
0.20 nm. For B-TiOy, the TiO phase grown along the crystal grain of
TiO, (Fig. S3e in Supporting information). High-angle annular dark-
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field scanning TEM (HAADF-STEM) image was further employed to
confirm the composition of TiO,_, (Fig. S3g in Supporting informa-
tion). The elemental mapping was demonstrated that the nanos-
tructure was comprised of Ti (Fig. S3h in Supporting information)
and O (Fig. S3i in Supporting information) onto the surface and
margin of the nanostructure. The Raman spectra simultaneously
used to verify the composition and structure of TiO,_, nanostruc-
tures (Fig. S4 in Supporting information).

X-ray photoelectron spectroscopy (XPS) results verified that the
clearly Ti and O characteristic peaks existed in both of the W-TiOx,
B-TiOx and G-TiOx (Fig. S5 in Supporting information). The two
spin-orbit splits of Ti 2pyj, and Ti 2p3, at 464.1 and 458.4eV were
assigned to Ti*+ spices for W-TiOyx (Fig. 1c) [35]. Two other pairs
of corresponding peaks could be observed at the B-TiOx and G-
TiOx. The characteristic peaks at 462.7 and 457.5eV were assigned
to the Ti 2p of Ti3* spices in B-TiOy, and the characteristic peaks at
461.1 and 455.7 eV were classified into the Ti 2p of Ti2* spices [36].
However, the Ti 2p (Ti?*) peak of G-TiOx shifted to the high posi-
tion at nearly 0.4eV, which was most likely due to the relatively
less pulsed laser energy and local thermal effect compared with
W-TiOx and B-TiOx. The O 1s spectra revealed that all the samples
have the lattice oxygen of TiO, and absorbed hydroxyl oxygen at
529.7eV and 532.8 eV (Fig. 1d). The characteristic peak at 531.7 eV
was consistent with oxygen species adsorbed in vacancies of B-
TiOx and G-TiOx [34], which was consistent with the result of Ti
2p, indicating the increasing oxygen vacancy concentration under
non-equilibrium condition with change of laser irradiation. Elec-
tron paramagnetic resonance (EPR) was used to confirm the exis-
tence of more oxygen vacancy in TiO,_y. B-TiOx and G-TiOx owned
a stronger EPR signal at around g=2.005 compared with W-TiOx
(Fig. S6 in Supporting information), indicating that rich oxygen va-
cancies were introduced into B-TiOx and G-TiOyx [37,38].

The absorption spectra of laser-annealed defect TiO,, were
shown in Fig. 1e. The W-TiOx only showed UV region absorption
at wavelengths below 380nm, while the B-TiOx and G-TiOyx ex-
hibited absorption spectra that were red-shifted to the full visi-
ble light spectra. In addition, the light absorption after the wave-
length at 420 nm increased as the reduction of laser energy, which
was consistent with the formation of Ti?t and Ti3* in the defect
TiO, basal surface [39]. To determine the band gap of the sam-
ples, Kubelka—Munk function method [40] was used to plot UV-
vis diffuse reflectance spectra (Fig. 1f), i.e., the spectra of converted
(F(R)E)'2 versus E, in which F(R)=(1—R)2/2R and E=hv. R, h and
v are the reflectance, Planck constant and photon frequency, re-
spectively. By measuring the inter sections of the extrapolated the
linear regime and the photon energy E, the band gap values (Eg)
were 2.84, 2.58 and 3.02 eV for G-TiOy, B-TiOx and W-TiOy, respec-
tively. It was probably owing to involvement of unsaturated coor-
dination of surface Ti atoms and oxygen vacancy induced on the
surface of TiO, [41] with suitable pulse energy, which resulted an
enhanced absorption of photon energy and a narrow value of band
gap [42]. Furthermore, the conduction band energy (Ec) and va-
lence band energy (Ey) of TiO, were impacted by the O 2p and Ti
3d orbits. Ultraviolet photo-electron spectroscopy (UPS) was used
to identify the ionization potential of G-TiOx, B-TiOx and W-TiOx
and the valance band maximum (Eygy) was calculated to be 6.08,
5.92, and 5.73 eV by subtracting the width of the He I UPS spec-
tra (Fig. 1g and Fig. S7 in Supporting information) from the excita-
tion energy (21.22 eV). Thus, the conduction band minimum (Ecgy)
of G-TiOx, B-TiOx and W-TiOx were estimated at 3.24, 3.34 and
2.71eV from Eypy - Eg. Furthermore, characteristic peak was ex-
hibited in the range of 0-2eV (Fig. 1g), which was assigned to
surface defects of oxygen vacancies from the lower oxidation state
of Ti atom [43]. The result was consistent with the XPS analysis.
Compared with W-TiOyx, Ey and Ec of defect B-TiOx were contin-
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uum and overlapping, and a more negative Ecgy was possessed
(Fig. 1h) [44]. The surface defects of the TiO,, would provide ac-
tive sites on the surface, where would occur the reactant’s special
adsorption and reduce the barrier in the CT.

The SERS response of CV was investigated by incubating in
1 pmol/L working solution for 10 min at 25 °C (Fig. 2a). Com-
pared with W-TiOx and G-TiOx, the Raman band had the most
significant response on B-TiOx from 400 cm~! to 1600 cm~!.
The characteristic peaks appeared at 334 cm~!, 418 cm~!, 438
cm~! 525 cm~!, 563 cm~!, 723 cm~!, 757 cm~!, 798 cm!,
911 cm™1, 1175 cm~1, 1296 cm~!, 1366 cm~!, 1537 cm~!, 1586
cm~! and 1617 cm~!, agreed well with the Raman spectrum
of solid powders of CV (Fig. S8 in Supporting information). The
according enhancement factor of B-TiOx was calculated to be
1.82 x 105 at 1385 cm™! (Fig. 2b). In addition, the TiO, sub-
strates have also been used for the extraction and detection of
auramine O (AO), chrysoidin (CS) and malachite green (MG), re-
spectively (Figs. S9a-c in Supporting information). The detailed as-
signment of the vibrational band was shown in Table S1 (Sup-
porting information). The characteristic SERS band at 939 cm!
(AO), 1170 cm~! (CS), 1392 cm~! (MG) and 1385 cm~! (CV) were
caused by the &(CCeenterC)/v(CCeenterC)/v(CN), 8(CCC)/S(CH)ring-
3(CH)/3(CH3)/8(CCC)yipg and §(CH)/8(CH3)/8(CCC)yipg, respectively
[45-48]. These results indicated that molecules could be detected
sensitively on the surface of B-TiOx using SERS spectra. The en-
hancement factors were calculated as 4.85 x 105, 4.92 x 10% and
5.89 x 106 for AO, CS and MG respectively (Fig. S9d in Supporting
information).

The stability of the prepared B-TiOx substrate probed with CV
was examined, which was a vital property of SERS-active substrate
to assure convictive signal of quantitative detection. SERS band of
CV were continuously recorded for 6 min (the integration time 1s)
with a laser power of 500 mW. As displayed in Fig. 2c, a station-
ary state of SERS intensity was maintained under continuous ir-
radiation for 6 min. The relative standard deviation (RSD) of char-
acteristic SERS spectrum intensities was 3.98% at 1175 cm~!. Simi-
larly, there was no obvious change in SERS intensity for AO, CS and
MG, and the values of RSD were calculated as 3.98% at 939 cm~1,
3.63% at 1147 cm~! and 3.63% at 1392 cm™!, respectively (Fig. S10
in Supporting information). This meant that the prepared B-TiOy
could be used for SERS analysis.

The terminal amino groups of four bacteriostats were proto-
nated in aqueous solution to take the positive charge on nitro-
gen atom, which was easily adsorbed on TiO,,. Aniline deriva-
tives featuring positive charged species can serve as antipode on
the electric double layer interface for nanoparticle-molecule inter-
action. The pH response ranged from 2.0 to 10.0 in the extraction
solution has been investigated. The incubated solution formed in-
soluble aggregates with the pH increased from 2.0 to 5.0, and the
SERS spectrum of CS remained relatively stable in this process (Fig.
S11b in Supporting information). But when pH value exceeded 6.0,
the band intensity of SERS decreased rapidly in the region from
6.0 to 10.0. Similarly, the threshold pH value of extraction for AO
(Fig. S11a in Supporting information) and MG (Fig. S11c in Sup-
porting information) were observed at 6.0, respectively. The spec-
tral evolution showed that the intensity and width of the charac-
teristic peaks increased significantly, which indicated that the Ra-
man spectrum change was not caused by the structural occurred at
the pH value exceed 5.0 (Fig. 2d). As the increased pH value from
5.0 to 10.0, the SERS response reduced to the minimum. These can
be ascribed to the deprotonation of amino below their pK, in an
aqueous solution which would influence the affinity of the amino
species to the negative charged surface (the pK, of CS: 10.1, AO:
10.7, Mg: 6.9, CV: 5.93, respectively). The experimental test results
indicated that the extraction was well regulated by both the elec-
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Fig. 2. (a) Raman spectra of CV at W-TiO, B-TiOx and G-TiOy. (b) The corresponding histogram of enhancement factors. (c) Stability of the B-TiOyx substrate with CV molecule
for 6 min continuous laser radiations (Inset: The RSD at 1175 cm~' with time). (d) pH response on the extraction (Inset: The Raman intensity at 1385 cm~! with pH). (e)
SERS spectra of characteristic peak vs. different concentration of CV (1 pmol/L—0.1 nmol/L). (f) The corresponding adsorption curves and the calibration curves.

trostatic and sr-r interaction through the acidity of the solution at
equilibrium.

The kinetic curves for AO, CS, CV, and MG with different con-
centrations (1.0, 0.1 and 0.01 umol/L) were tested to evaluate the
effect of extraction time. As exhibited in Fig. S12 (Supporting in-
formation), the time of saturated adsorption was between 10 min
and 30min for the four bacteriostats whatever the high and low
concentration. Thus, the extraction time was extended to 60 min
to remain the adsorption equilibrium of B-TiOx substrate and bac-
teriostats. According to the optimized test conditions, SERS spectra,
corresponding adsorption curves and calibration curves were deter-
mined with saturated adsorption immersed into different concen-
trations (1 pmol/L-0.1 nmol/L) of CV (Figs. 2e and f), AO, CS and
MG (Fig. S13 in Supporting information) with B-TiOy, respectively.
Raman intensity increased linearly at the concentration rang from
0.1 umol/L to 0.1 nmol/L of CV at 1385 cm~!, AO at 939 cm!, CS at
1170 cm~! and MG at 1392 cm~!. The correlation coefficient (R?)
was 0.9483, 0.9921, 0.9914 and 0.9673, and the LOD was 12 nmol/L,
9.8 nmol/L, 17 nmol/L and 14 nmol/L for CV, AO, CS and MG, respec-
tively. In addition, the Raman intensity reached maximum with the
increasing concentration, which could be attributed to the satura-
tion adsorption of four bacteriostats on adsorption sites [49].

To investigate the SERS enhancement of the CM (including
adsorbed CV molecular vibration and CT resonance) on this B-
TiOx substrate, the resonance of CV@B-TiOx complex was decided
through the UV-vis absorption spectra. Fig. 3a showed the ad-
sorbed molecule CV existed a strong optical absorption peak at
532nm near the laser excitation, which indicated an intrinsic
molecular vibration (A,,) matching with the incident laser (A;5e;)
at 532 nm. After forming CV@B-TiOx complex, the absorption peaks
presented certain degrees of blueshift and broadening for CV@B-
TiOx located in the wavelength range of 500-600 nm, indicating a
strong chemical interaction and CT process between CV and B-TiOx
substrate [50]. Thus, the quasi-resonant Acr ~ A5 Was valid in
SERS, indicating the dominance of the CV process in the SERS [51].

The CV molecules can chemically adsorb onto the surface of B-
TiOx via two potential sites, the positively charged nitrogen atoms
of the imine can bond with the metal oxide crystal plane through
the N-Ti and N-O bond. The model for rutile (110), anatase (101),

Ti, O3 (110) and TiO (200) for B-TiOx were built and used to cal-
culate the ICTP (Fig. S14 in Supporting information). PDOS calcu-
lation, differential charge density distribution (Fig. S15 in Support-
ing information) and the chemisorption energy AEg,en, calculation
(Table S2 in Supporting information) of CV@B-TiOx demonstrated a
higher value of CV-Ti-TiO (200), indicating the most potential ad-
sorption site on the surface was CV-Ti-TiO.

To investigate the electron transfer capability of molecules on
the B-TiOx surface, the substantially enhanced energy level cou-
pling in CV and various crystal planes of B-TiOx and greatly im-
proved ICTP resonance within the surface of CV@B-TiOx complex
were proved by DFT calculations. The HOMO-LUMO (Table S3 in
Supporting information) of CV-Ti-crystal plane and CV-O-crystal
plane bonds were also calculated, respectively. As was illustrated in
Fig. 3b, HOMO and LUMO of CV filled the entire molecular struc-
ture. The surface CT complex CV@B-TiOx was formed by adsorption
of CV molecule on various crystal planes rutile (110), anatase (101),
Ti, O3 (110) and TiO (200) for B-TiOx surface. The results indicated
that the LUMO of CV@Rutile (110), CV@Anatase (101), CV@Ti,05
(110) complex were not bind on the entire CV@B-TiOx complex. In
contrast, the charges for LUMO of the CV@TiO (200) complex were
rearranged at the interface between CV and TiO, revealing excel-
lent electron transfer ability from CV to the TiO (200). This clearly
certified that the crystal plane TiO (200) of B-TiOx had a great reg-
ulation on the adsorbed CV molecular orbitals after forming the
surface CT complex. Furthermore, the band gap of the CV molecule
absorbed on CV@TiO (200) was 0.95eV, which was clearly smaller
than the HOMO-LUMO energy gap for CV (2.39eV). This could
be attributed to the strong energy level coupling between the CV
molecule and the TiO crystal plane of B-TiOx. According to the DFT
calculation, it was showed that the surface CT complex of TiO ex-
hibited more resonant excited states and higher PDOS via CV-Ti-
TiO (Fig. 3c) and CV-N-Ti-TiO bonds (Fig. 3d), suggesting a high-
efficient and potential CT process at the low-energy level, followed
by enhanced Raman signals via N-Ti bonds. We further verified the
above conclusions by differential charge density distribution (Figs.
3e-g). The distribution of electron accumulation (depletion) of N-Ti
site for CV@TiO (200) illustrated a potential electron transfer chan-
nel with N-Ti (Fig. 3g).
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detail of B-TiOx and Ti interface. The surface contact angle tests of the (d) Ti, (e) B-TiOx and (f) Ti/B-TiOx/Ti with the size of 1.0 mm? for local B-TiOyx nanostructure. (g)
The contact angle of droplet dynamic process at the interface between Ti and B-TiOy. (h) Raman image of B-TiOx/Ti. (i) Schematic diagram of the extraction process by a
hand-held extractor into polluted fish. (j) SERS spectra of the mixture containing distribution in the epidermis, muscle and viscera.
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The one-step laser irradiation technology was used to prepare
B-TiOx on the Ti silk (diameter: 1.0 mm) (Fig. 4a). Fig. 4b was SEM
image of B-TiOx/Ti microfiber, which showed the periodic array
structure. Fig. 4c displayed partial enlarged detail of B-TiOx and
Ti interface. For SERS detection of ultra-low concentration sam-
ples, higher requirements were put forward for the sensing sub-
strates and detection methods. A battery of surface contact angle
measurements was performed to verify the hydrophilicity of TiO,_y
and Ti substrates. It was 6.57° for B-TiO, indicating the super hy-
drophilic property, while the contact angle of Ti was 76.36° indi-
cating the relatively hydrophobic surface (Figs. 4d and e). It was
significant that in a local sample of B-TiOx nanostructure (named
Ti/B-TiOx/Ti) with the size of 1.0 mm? on Ti substrate, the wa-
ter accumulated completely at the location of B-TiOx nanostruc-
ture and did not overflow the boundary between the B-TiOx and
Ti. This was attributed to the hydrophilicity of B-TiOx and rel-
ative hydrophobicity of Ti substrate (Fig. 4f). Subsequently, the
dynamic solid-drop contact angle test at the junction of B-TiOx
and Ti was also shown in Fig. 4g. The droplet’s spontaneous tilt
and strong movement toward the B-TiOx region also demonstrated
the more hydrophilic than that of Ti surface, which was benefi-
cial to achieve the preconcentration of the measured substances
in the extraction process and improved the sensitivity effectively.
The SERS capability of the B-TiOx/Ti was verified via Raman image
in Fig. 4h.

To measure the capacity of detecting mixtures with defect B-
TiOx, the mixed sample was dissolved in 10L (mixed thoroughly
with 10 mL free range solution of each CV, AO, CS and MG). Af-
ter a 100g weight Asian carp was farmed in this polluted wa-
ter for a week, the extraction process was performed for 60 min
with a hand-held extractor (schematic diagram, Fig. 4i). SERS spec-
tra of fish skin, two parts of muscle and viscera was shown in
Fig. 4j. The bands at 418 cm~!, 911 cm™!, 1175 cm~!, 1385 cm™!,
1586 cm~! (purple triangles) were assigned to CV. The bands at
939 cm~! and 1438 cm~! (orange squares) were assigned to the
characteristic bands of AO. The peaks of 476 cm~!, 517 cm~!, 736
cm~! and 1526 cm~! (red diamonds) were identified for CS. The
SERS peaks of MG were identified at 795 cm~!, 914 cm~!, 1216
cm~!, 1293 cm~?, 1365 cm~!, 1392 cm~!, 1588 cm™!, 1615 cm™!
(green dots). Compared with skin and muscle, only trace amounts
of CV and MG can be detected in viscera. These results proved
that the mixtures can be extracted and accurately identified on
this hand-held extractor simultaneously, which clearly indicated
the distribution of bacteriostats in fish and demonstrated a rela-
tively high concentration in fish skin compared with muscle and
viscera.

In summary, vacancy-rich TiO,_, microfibers were successfully
prepared in situ via the relatively high pulsed laser energy and
local thermal effect. The results of experiment and DFT calcula-
tions confirmed that unsaturated coordination of surface Ti atoms
and oxygen vacancy effect were dominantly responsible for the
significant SERS response on TiO,_, substrate for detection of CV.
Substantial CT occurred between the strong analytes and TiO,_y,
which resulted an enhanced absorption of photon energy and a
narrow value of band gap via the molecular transition and the vi-
bronic coupling. Thus, the LOD of CV, AO, CS and MG extracted
on B-TiOx/Ti was achieved to 12 nmol/L, 9.8 nmol/L, 17 nmol/L and
14 nmol/L under the pre-concentration and optimal conditions, and
the enhancement factors were 1.82 x 10%, 4.85x 106, 4.92 x 106
and 5.89 x 105, respectively. Finally, the efficient B-TiOx/Ti extrac-
tor was used to extract bacteriostats from fish fed in contaminated
water, which promoted detection capability and demonstrated the
distribution of bacteriostats in different parts of the body. This
work also has significant guiding implication to deliver biolog-
ical information on concentration distribution in human tissues
through highly sensitized materials.
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