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Abstract: Mesoporous M-TiO, NCs, functionalized by PATP,
can capture toxic anilines and phenols by azo coupling.
Loading these nanodevices with Ag NPs offers the possibility
for a sensitive quantitative determination of target compounds
by SERRS spectroscopy, which allows multiplex detection
because of the specific vibrational fingerprints. Sensitivity and
selectivity can be further enhanced by concentrating the hybrid
particles by an external magnet and compound-specific bind-
ing (anilines versus phenols). The bound toxic compounds can
be degraded by TiO,-assisted photocatalysis after removal of
the loaded hybrid particles from the sample solution with an
external magnet. The degradation process can be enhanced in
the presence of plasmonic Ag nanostructures.

Benzidine and its derivatives may metabolize to carcino-
genic amines in human bodies, and thus increasing attention is
paid on the potential risk (for example, bladder cancer) of
human exposure to commercial products containing benzi-
dine and its congener-based dyes."?! Some phenol derivatives,
widely employed in manufacturing daily used products, are
hormone-like endocrine disruptors, and potentially increase
risks for breast cancer.**| Herein we designed multifunctional
nanocomposites that allow highly sensitive detection, manip-
ulation, and photodegradation of toxic benzidine and phenol
derivatives. Magnetic TiO, nanocomposites (M-TiO, NCs)
were synthesized and functionalized with p-aminothiophenol
(PATP) for capturing target molecules by azo coupling.
Owing to the specific surface-enhanced resonance Raman
scattering (SERRS) fingerprints of the azo products, it was
possible to identify toxic target anilines and phenols. Fur-
thermore, azo compound degradation and nanomaterial
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recycling was achieved by TiO,-assisted and plasmon-
enhanced photocatalysis.

Conventional detection methods for anilines and phenols
are liquid or gas chromatography combined with mass
spectrometry.”® Immunochemical-, fluorescence-, or apta-
mer-based analytical approaches have also been recently
developed.[7’8] However, none of these methods combines
high sensitivity with the ability of easy manipulation and
detoxification.

The property of directed translocation of substrates
constitutes a wide range of applications of magnetic NPs in
catalysis, biological separation, and biomedicine.”'” Photo-
catalytic degradation of toxic dyes can be achieved by TiO,
supports.'"!! TiO, is a non-toxic and biocompatible material
with unique optical and photocatalytic properties, which is
used in various applications such as solar cells, waste water
treatments, and drug delivery.'? Especially intriguing is the
idea to combine nanoparticles (NPs) of different function-
alities in metal, metal oxide, or semiconductor NCs to exploit
simultaneously analyte binding, optical, catalytic, or magnetic
properties, such as Fe;0,/Ag or Fe;0,/TiO, hybrid NPs,131]

Additional functionality may be achieved if such dual
magnetic NCs also allow multiplex detection of the toxic
targets by insitu spectroscopy. In this respect, SE(R)RS
spectroscopy has a great potential,'*!”! such as for determin-
ing toxic metal ions, H,O,, and small organic molecules in
water, food, and environmental safety assessment.*?! More-
over, introducing plasmonic materials required for SERS
spectroscopy may also enhance surface-confined photochem-
ical activity.”? The concept of this work is depicted in
Scheme 1.

Fe;0, NPs, synthesized by a solvothermal reaction,?! are
of spherical shape with an average diameter of 200 nm
(Figure S1A,D; Supporting Information). TiO, coating was
performed by hydrolysis of tetrabutylorthotitanate (TBOT),
leading to a well-defined core-shell structure (Figure S1B).
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Scheme 1. 1) Functionalization of magnetic TiO, NPs with PATP,
2) azo coupllng reaction and SERRS-based detection, and 3) UV-
induced degradation.

\

HO’

Wiley Online Library

2481


http://dx.doi.org/10.1002/anie.201310123

Angewandte

2482

Communications

The compact TiO, shells changed to mesoporous structure
during a hydrothermal process (Figure S1C,E). Thus, in these
nanocomposites (M-TiO, NCs), the surface area of TiO, is
increased, ¥ which is advantageous for PATP loading.

The initial black Fe;O, suspension changed to brown after
hydrothermal treatment (Supporting Information, inset in
Figure S2). The TiO, shells and their crystalline phase were
confirmed by X-ray diffraction (XRD). Besides the Fe;0,
XRD peaks (Figure S2a), additional bands at 25.5, 38.1, and
48.2° that are due to anatase TiO, (symbol A) were observed
(Figure S2b)."! Moreover, the M-TiO, NCs could be rapidly
collected by an external magnet (inset in Figure S2) within
1 min, indicating preservation of the magnetic responsivity of
the Fe;O, NPs after TiO, coating.

PATP can covalently bind to TiO, by SH functional
groups.! In fact, a weak Raman spectrum of PATP bound to
M-TiO, NCs could be detected (Figure 1B). Upon addition of
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Figure 1. A) Raman spectrum of PATP powder, B) (SE)RS spectrum of
PATP-functionalized M-TiO, NCs (20 uL), and C) SERRS spectrum of
PATP-functionalized M-TiO, NCs (20 uL) with Ag NPs (20 pL).

Ag NPs, distinctly stronger bands were observed that are due
to the SERS enhancement provided by the plasmonic Ag
NPs. As reported previously, on Ag substrates, PATP could be
oxidized to form 4,4’-dimercaptoazobenzene (DMAB) during
SERS measurements due to a laser-induced surface reac-
tion.”! We also observed SERRS bands of DMAB at 1143,
1392 and 1436 cm™ in the SERRS spectrum of PATP at the
M-TiO, and Ag interfaces (Figure 1C), thereby confirming
the successful attachment of PATP at the M-TiO, NCs.
Herein, two anilines, namely benzidine (BD) and 2-
naphthylamine (NA), and two phenols, namely bisphenol A
(BPA) and nonylphenol (NPH), were used as target mole-
cules (Figure 3). Diazonium salts obtained by HCI and
NaNO, at low temperature can react with both anilines and
phenols (Supporting Information, Figure S3 A). Phenols are
activated in alkaline solution to form phenoxide prior to azo
coupling, while anilines form azo compounds in neutral or
weakly acidic solutions.’ Thus, in mixed samples, anilines
and phenols can be selectively coupled to PATP depending on
the pH. Furthermore, in contrast to diazonium ions, the azo
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products are stable at room temperature, which is essential for
SERRS measurements.

With decreasing target molecule concentration, the
SERRS intensities become weaker and are eventually
obscured by the background signals of the sample. However,
the adsorbed azo products on the M-TiO, NCs can be
separated from the bulk solution by a magnet to concentrate
the target molecules for SERRS measurements, thereby
largely eliminating spectral contributions from other com-
pounds. For all of the SERRS measurements, we employed
the 413 nm excitation line, which affords optimum surface
enhancement for the Ag NPs used in this work, and provides
comparably strong molecular resonance enhancement for the
four azo compounds, which all show electronic transitions
around this wavelength (Supporting Information, Figure S4).
The diazonium ions that did not react with target molecules
were unstable at room temperature, resulting in the formation
of p-mercaptophenol®! (Supporting Information, Fig-
ure S3B), which, due to weak affinity of the phenol group
to Ag NPs,?” was almost undetectable by SERS spectroscopy
and thus did not interfere with the SERRS analysis of the azo
compounds (Supporting Information, Figure S6).

Recently, a weak enhancement of Raman scattering was
reported for TiO, nanomaterials, which is however much
lower than that of Ag nanostructures.”? In fact, weak
(SE)RRS bands of the azo compound on M-TiO, NCs were
observed (Figure 2). To increase the sensitivity of the
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Figure 2. SERRS spectra of BD-derived azo compounds (1 ppm BD)
on the M-TiO, NCs with (top) and without (bottom) Ag NPs. The
molecular structure of the BD-derived azo compound and a TEM
image of the Ag NPs are shown on the right side.

spectroscopic approach, the M-TiO,-Azo NCs were mixed
with Ag NPs before Raman measurements. A magnet was
fixed under the M-TiO, samples during all Raman measure-
ments. As expected, the SERRS intensity increased at least by
a factor of 100 in the presence of Ag NPsP" (Figure 2), which
is due to the electromagnetic field enhancement by the
plasmonic Ag NPs.

SERRS spectra of the azo products of the four target
molecules in the presence of Ag NPs display unique finger-
prints for each compound, demonstrating that identification
of the individual anilines and phenols is possible (Figure 3).
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Figure 3. Structures of the target molecules and SERRS spectra of the
azo products from BPA, NPH, BD, and NA (1 ppm) adsorbed on M-
TiO, NCs upon addition of Ag NPs. During the SERRS experiments,
the samples were continuously moved through the exciting laser
beam.

These characteristic vibrational signatures as well as the pH-
dependent capture of either anilines and/or phenols allow for
the specific detection of each compound in a mixture
(Supporting Information, Figure S5).

The limit of detection (LOD) was found to be as low as
0.1 ppb for BPA and 0.01 ppb for BD (Figure 4; Supporting
Information, Figure S6). These values are lower by a factor of
500 (BPA) and 300 (BD) than the reference dose for chronic
oral exposure of U.S. Environmental Protection Agency.
Furthermore, the present approach displays LODs compara-
ble to the lowest LODs for BD and BPA.3"

Azo compounds can be degraded by TiO,-assisted photo-
catalysis upon UV-light irradiation."!! To check the photo-
degradation capability of the present M-TiO, devices, azo
products from PATP and BD were mixed with M-TiO, NCs
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Figure 4. Concentration-dependent SERRS intensities of the azo com-
pounds of BD and BPA. Error bars represent the standard deviations
for three batches.

and exposed to UV irradiation (312 nm). Here, free PATP
was used since for PATP-attached M-TiO, NCs, the azo
compounds could hardly be detected by the UV/Vis spectra
owing to the high background and the limited concentrations
of the PATP azo-derivatives on the M-TiO, NCs. After UV
irradiation, the M-TiO, NCs were separated by a magnet and
the supernatants were monitored by UV/Vis spectroscopy.
The lack of characteristic absorption bands of the BD-derived
azo compounds at 280 and 430 nm after 2 h UV irradiation
indicates the decomposition of the azo products (Figure 5).
After UV-assisted self-cleaning, the M-TiO, NCs can be re-
used for PATP functionalization and subsequent determina-
tion of target molecules. In fact, spectra of PATP re-attached
to M-TiO, NCs (Supporting Information, Figure S7) are very
similar to those in Figure 1. Thus, the photocatalytic property
of TiO, shells allows for azo product degradation as well as for
nanomaterial recycling.

Furthermore, we investigated the effect of plasmon
enhancement of the TiO,-assisted photodegradation. Here
the 413 nm laser line was used for both photodegradation and
SERRS spectroscopy. To achieve plasmon-induced surface
enhancement at the TiO,/azo interface, a magnet was fixed
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Figure 5. A) UV/Vis spectra of BD (1 mgmL™")-derived azo product without M-TiO, NCs (a), and mixed with M-TiO, NCs after exposure to UV
irradiation for b) 1 h and c) 2 h; C) SERRS band intensities at 1451 cm™' of BD (0 =10 ppm)-derived azo products at the interfaces of the M-TiO,

NCs and Ag electrodes as a function of laser exposure time.
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under an electrochemically roughened or a smooth Ag
support (inset of Figure 5C) exposed to an M-TiO,-azo NC
containing solution. The M-TiO,-azo NCs were then magneti-
cally collected on the respective Ag surface. SERRS spectra
of azo products were detectable on both TiO,/Ag interfaces,
albeit with different intensity (Supporting Information, Fig-
ure S8). The stronger SERRS spectra on rough Ag supports
are attributed to the much higher plasmonic field enhance-
ment owing to the nanostructured Ag surface.*”

Noble metals, such as Ag and Au, can act as an electron
trap and promote interfacial charge transfer processes at the
TiO, interface, which may improve the photocatalytic effi-
ciency of TiO,.”) However, only when the M-TiO,-azo NCs
are brought in close contact to the roughened Ag surface, the
photodegradation efficiency is increased, which is presumably
due to the electric field enhancement at the TiO,/azo
interface (Figure 5C). In the case of rough Ag supports, the
SERRS intensity at 1451 cm™' decreased sharply during the
first 2 min, eventually leading to a 70 % decrease after 10 min
exposure to the laser beam. Under otherwise identical
conditions the decrease was only 35% for smooth Ag
supports. The faster intensity decay at the rough Ag electrode
confirms the plasmonic field enhancement of the photo-
degradation.

In summary, mesoporous M-TiO, NCs, functionalized by
PATP, can capture toxic anilines and phenols by azo coupling.
Loading these nanodevices with Ag NPs offers the possibility
for a sensitive quantitative determination of target com-
pounds by SERRS spectroscopy, which allows multiplex
detection by the specific vibrational fingerprints. Sensitivity
and selectivity can be further enhanced by concentrating the
hybrid particles by an external magnet and compound-
specific binding (anilines versus phenols). Apart from the
analytical power, the bound toxic compounds can be
degraded via TiO,-assisted photocatalysis in situ or ex situ
after removal of the loaded hybrid particles from the sample
solution by an external magnet. The degradation process can
also be enhanced in the presence of plasmonic Ag nano-
structures. Thus, M-TiO, NCs represent promising devices for
toxicity assessment and elimination in practical applications
for safety assessment of food, environment, and commercial
products.
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