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1. INTRODUCTION

The high level of cadmium contamination in soil, water, and
food due to the wide use of cadmium in industry and agriculture
(special alloys, nickel�cadmium batteries, and phosphate
fertilizers)1 has raised great concern, because high exposure to
cadmium can cause serious diseases, including renal dysfunction,
calcium metabolism disorders, and prostate cancer.2 Therefore,
rapid and reliable determination of cadmium in the environment
and in vivo is of considerable significance. Currently, environ-
mental monitoring of heavy-metal ions generally relies on atomic
absorption spectrometry,3 inductively coupled plasma atomic
emission spectrometry and mass spectrometry,4 atomic fluores-
cence spectrometry,5 and electrochemical stripping analysis.6

These methods combine specificity and sensitivity but often
suffer from high costs, sophisticated methodologies, and lack of
availability for on-site analysis.

Fluorescence is a powerful method for detecting ions and
neutral molecules because of its high sensitivity and selectivity,
fast response, simple operation, and capacity for local observations
(e.g., by fluorescence imaging spectroscopy).7 The key feature of a
fluorescence sensor is based on an induced signal change of a
fluorescence indicator (e.g., intensity and/or emission wavelength)
as a target specifically binds to the probe.8 Numerous studies have
focused on the preparation of fluorescence chemosensors for

transition- or heavy-metal ions such as Hg2+,9 Pb2+,10 and Cu2+.11

However, very few fluorescence sensors for cadmium have
been reported,12 because of the unsuitable pH range for
physiological use, inability to discriminate Cd2+ from Zn2+,
and poor stability. Therefore, it is highly essential to design
and fabricate fluorescence chemosensors for cadmium with
response in the physiological pH range, high sensitivity,
selectivity, and stability.

Recently, considerable interest has focused on chemosensors
based on chromophore�inorganic compositematerials, in which
the solid support lends stability (increased photo-, thermal, and
mechanical stabilization) whereas the chromophore provides
necessary binding sites for the analyte, leading to changes in
color and/or fluorescence behavior. Among inorganic matrixes,
layered double hydroxides (LDHs), whose structure can gen-
erally be expressed as [MII

1�xM
III
x(OH)2](A

n�)x/n 3mH2O
(where MII and MIII are divalent and trivalent metals, respec-
tively, and An� is an n-valent anion), are one type of important
layered materials that provide great versatility in terms of chemical
composition and the ability to build up two-dimensionally orga-
nized structures.13 The delamination of LDHs into nanosheets as

Received: July 4, 2011

ABSTRACT: Fluorescence indicator/layered double hydro-
xide (LDH) ultrathin films (UTFs) have been fabricated by
alternate assembly of 2,20-azino-bis(3-ethylbenzothiazoline-6-
sulfonate) (ABTS) and Zn�Al LDH nanosheets on quartz
substrates using the layer-by-layer (LBL) deposition technique
and demonstrated to be good fluorescence chemosensors for
Cd2+. The stepwise and regular growth of the ABTS/LDH
UTFs with increasing deposition cycle was monitored by
UV�vis absorption and fluorescence emission spectroscopy;
a periodic layered structure perpendicular to the substrates with
a thickness of 2.40�2.58 nm per bilayer was observed by X-ray diffraction, atomic force microscopy, and scanning electron
microscopy. The fluorescence anisotropy of the UTFs was also observed by the polarization fluorescence technique. In addition, a
fluorescence chemosensory UTF (20 bilayers) for Cd2+ exhibited a low detection limit (9.5 nM), good repeatability (relative
standard deviation less than 3% in 20 consecutive measurements), high photostability and storage stability (with ∼94.1% of the
initial fluorescence intensity remaining after 1 month), and excellent selectivity toward Cd2+ from Zn2+ in the physiological pH
range (6.5�7.5). The regeneration of the fluorescence chemosensor can be achieved by the use of ethylenediamine tetraacetic acid
(EDTA). The mechanism is based on the competitive complexation of Cd2+ between EDTA in solution and ABTS in the UTF, as
confirmed by X-ray photoelectron spectroscopy (XPS), Raman spectroscopy, and fluorescence anisotropy measurements.
Therefore, this work provides a facile approach for the fabrication of chemosensors based on the incorporation of a fluorescence
indicator into an inorganic two-dimensional matrix that can potentially be applied for the detection and measurement of Cd2+.
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building blocks and the preparation of inorganic/organic ultrathin
films (UTFs) have drawnmuch attention.14 This encouraged us to
address the goal of fabricating fluorescence chemosensors through
the alternate assembly of positively charged LDH nanosheets and
negatively charged fluorophore indicators by the layer-by-layer
(LBL) technique. The resulting materials exhibit the following
advantages: (a) The LDH nanosheets provide a stable micro-
environment for the immobilization of fluorophore indicator, and
(b) the two-dimensional confined region results in a high disper-
sion of fluorophore molecules between adjacent layers and thus
reduces the interlayer π�π stacking interaction.

2,20-Azino-bis(3-ethylbenzothiazoline-6-sulfonate) (ABTS) and
its derivatives have been widely used in the fields of biological,
environmental, and food sciences because of their sensitive
colorimetric changes induced by high redox activity.15 How-
ever, their application in fluorescence chemosensors is greatly
limited because of their relatively short service lifetimes,
unsatisfactory stabilities, and fluorescence quenching resulting
from aggregation and deoxidization; the issue of improving their
luminescence performances remains unresolved. In this work,
fluorescence indicator/LDH UTFs were fabricated by the alter-
nate assembly of ABTS and Zn�Al LDH nanosheets on quartz
substrates using the LBL method and demonstrated to be good
fluorescence chemosensors for Cd2+. A fluorescence chemosen-
sory UTF (20 bilayers) for Cd2+ was found to exhibit a low
detection limit (9.5 nM), good repeatability [relative standard
deviation (RSD) less than 3% in 20 consecutive measurements],
high photostability and storage stability (with ∼94.1% of the
initial fluorescence intensity remaining after 1 month), and
excellent selectivity toward Cd2+ from Zn2+ in the physiological
pH range (6.5�7.5). The regeneration of the fluorescence
chemosensor was also achieved, which induced reversible
changes in its chemical composition, surface morphology, and
fluorescence anisotropy. It is expected that the fluorescence
chemosensor based on the LBL architecture developed in this
work can be used practically in both physiological and environ-
mental Cd2+ detection.

2. EXPERIMENTAL SECTION

2.1. Materials. 2,20-Azino-bis(3-ethylbenzothiazoline-6-sulfonate)
(ABTS, biochemistry grade) was purchased from Sigma-Al-
drich Company. Analytical-grade chemicals including Zn-
(NO3)2 3 6H2O, Al(NO3)3 3 9H2O, NaOH, KNO3, Ca(NO3)2,
Cd(NO3)2, NaNO3, Mn(NO3)2, Fe(NO3)2, Co(NO3)2, Cu-
(NO3)2, Ni(NO3)2, Cr(NO3)2, Mg(NO3)2, and ethylenedia-
mine tetraacetic acid (EDTA) were used without further
purification. Deionized and decarbonated water was used in
all experimental processes.
2.2. Fabrication of (ABTS/LDH)n UTFs. The Zn2Al�NO3

LDH precursor was synthesized by the hydrothermal method
reported previously.16 Then, 0.1 g of Zn�Al LDH was shaken in
100 mL of formamide solution for 24 h to obtain a colloidal
suspension of exfoliated Zn�Al LDH nanosheets. The quartz
glass substrate was cleaned in concentrated NH3/30% H2O2

(7:3, v/v) and concentrated H2SO4 for 30 min each. After each
procedure, the quartz substrate was rinsed and washed thor-
oughly with deionized water. The substrate was dipped in a
colloidal suspension (0.1 gmL�1) of LDHnanosheets for 10min
and then washed thoroughly, after which the substrate was treated
with a 100mLof ABTS aqueous solution (0.025 wt%) for another
10 min and then washed again. Multilayer films of (ABTS/LDH)n
were fabricated by alternate deposition of LDH nanosheet suspen-
sion and ABTS solution for n cycles. The resulting films were dried
in a nitrogen gas flow for 2 min at 25 �C.
2.3. Chemosensor Response in Cd2+ Measurements. Cd2+

solutions with different concentrations were prepared by dissolving
Cd(NO3)2 in a water/ethanolmixed solvent (1:1, v/v, 295K). The
fluorescence chemosensor was immersed into a quartz cell contain-
ing Cd(NO3)2 solution, and its response was recorded with an RF-
5301PC fluorophotometer with a liquid holder.
2.4. Characterization Techniques.UV�vis absorption spec-

tra were collected in the range from 280 to 550 nm on a Shimadzu
T-9201 spectrophotometer, with a slit width of 1.0 nm. Fluorescence
spectra were obtained on an RF-5301PC fluorospectrophotometer

Figure 1. (A)UV�vis absorption spectra of (ABTS/LDH)nUTFs (n = 1�25) (inset: linear relationship between absorbance at 346 nm and number of
bilayers n) and (B) emission spectra of (ABTS/LDH)n UTFs (n = 1�20).
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with an excitation wavelength of 375 nm. The fluorescence
emission spectral range was 400�550 nm, and both the excita-
tion and emission slits were set to 3 nm. The fluorescence
lifetime was measured by exciting the samples at 375 nm with a
nanosecond flashlamp. The photobleaching behavior was tested
under UV lighting with a CHF-XQ 500-W Xe lamp. Steady-state
polarized photoluminescence measurements of the ABTS/LDH
UTFs were recorded with an Edinburgh Instruments FLS 920
fluorospectrophotometer. X-ray diffraction (XRD) patterns were
recorded using a Rigaku 2500 VB2+PC diffractometer under the
following conditions: 40 kV, 50 mA, Cu Kα radiation (λ =
0.154 nm), step scan, scanning rate of 0.5�/min, 2θ = 0.5��10�.
The morphology of the thin films was investigated by scanning
electron microscopy (SEM, Zeiss) at an accelerating voltage of
20 kV. The surface roughness and thickness data were obtained
using atomic force microscopy (AFM) software (Digital Instru-
ments, version 6.12). X-ray photoelectron spectroscopy (XPS)
measurements were performed with monochromatized Al Kα
exciting X-radiation (PHI Quantera SXM). Raman spectra were
obtained with excitation at 514.5 nm using a confocal Raman
microspectrometer (Renishaw Instruments Co. Ltd., RM2000)
in the range 1000�2200 cm�1.

3. RESULTS AND DISCUSSION

3.1. Characterization of ABTS/LDH UTFs and Their Fluor-
escence Properties. Assembly of UTFs. UV�vis absorption
spectra of (ABTS/LDH)n UTFs with various numbers of
bilayers (n) deposited on quartz substrates were recorded and
are shown in Figure 1A. It can be seen that the absorption band of
ABTS at ∼346 nm (π�π* transition) correlates linearly with n
(inset in Figure 1A), indicating stepwise and regular film growth.
Compared with the spectra of ABTS and ABTS•� radical
solution samples (Figure S1, Supporting Information), the
absorption spectrum for (ABTS/LDH)n UTFs is similar to that
of ABTS solution, which excludes the presence of ABTS•�

radicals during the assembly process. The fluorescence emission
peak of (ABTS/LDH)nUTFs at 435 nm also displays a consistent

increase with n, as shown in Figure 1B. The deposition process of
(ABTS/LDH)n UTFs was further monitored by scanning elec-
tron microscopy (SEM). The approximately linear increase of the
UTF thickness in the range 13�48 nmwith increasing number of
layers (n = 5�20) confirms that the UTFs present uniform and
periodic layered structures (Figure S2, Supporting Information).
Structural and Morphological Characterization. The typical

top-view SEM image of the (ABTS/LDH)20 UTF in Figure 2A
shows that the film surface is microscopically continuous and
smooth. The thickness of the (ABTS/LDH)20 UTF is 48 nm, as
observed from its side-view SEM image (Figure 2B), from which
it can be estimated that the thickness of one bilayer, (ABTS/
LDH)1, is ∼2.40 nm. The AFM topographical image in
Figure 2C shows the morphology and roughness information
for the UTF, which has a root-mean-square roughness of
4.68 nm. The XRD pattern (Figure 2D) exhibits a Bragg peak
at 2θ = 3.71�, indicating a so-called superlattice structure
perpendicular to the substrate. The average repeating distance
is ∼2.58 nm, approximately consistent with the thickness
increase per deposition cycle observed by SEM (2.40 nm).

Figure 2. (A) Top- and (B) side-view SEM images, (C) tapping-mode
AFM image, and (D) XRD pattern of the (ABTS/LDH)20 UTF.

Table 1. Fluorescence Decay Data of (ABTS/LDH)n UTFs
and Pristine ABTS Powder Samplea

n x τi (ns) Ai (%) Æτæ (ns) χ2

5 2 9.76 17.95 2.57 1.00

1.00 82.05

10 2 7.21 33.29 3.02 1.09

0.93 66.71

15 2 7.26 19.75 2.22 1.06

0.98 80.25

20 2 6.81 24.09 2.39 0.91

1.00 75.91

25 2 9.52 16.84 2.30 1.21

0.84 83.16

ABTS powder 1 0.51 100 0.51 1.30
a n, number of bilayers; x, series of exponential fit; τi, fluorescence
lifetime; Ai, preexponential factor related to the statistical weight of each
exponential; Æτæ, intensity-average lifetime. The goodness of fit is
indicated by the value of χ2.

Figure 3. Variation of luminescence anisotropy values (r) for (ABTS/
LDH)n UTFs as a function of the number of bilayers n.
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Moreover, this is also in agreement with the ideal single-layered
arrangement model of the ABTS/LDH structure, with thick-
nesses of∼0.48 nm for one LDHmonolayer and 2.04 nm for the
extended-chain configuration of ABTS (Figure S3, Supporting
Information).
Fluorescence Lifetime. The lifetime of the fluorophore indi-

cator is a crucial parameter for the evaluation of a fluorescence
chemosensor. (ABTS/LDH)n films and the pristine ABTS
powder were studied by detecting their fluorescence decays with
excitation and emission wavelengths of 375 and 435 nm, respec-
tively. The fluorescence lifetimes were obtained by fitting
the decay profiles with a single exponential for ABTS powder and
a double exponential for (ABTS/LDH)n films (Table 1).

Multiexponential decay curves were usually observed in compo-
site samples and can be attributed to highly heterogeneous
environments for the molecules in the solid surfaces.17 It can
be observed that the fluorescence lifetime of (ABTS/LDH)n
UTFs ranges from 2.22 to 3.02 ns (Table 1), much longer than
that of the ABTS powder sample (0.51 ns). These results indicate
that the rigid LDH nanosheets suppress the interlayer π�π
stacking interaction and, thus, prolong the fluorescence lifetime
of ABTS. Furthermore, the fluorescence lifetimes are nearly
independent of the number of bilayers, implying that the film
thickness imposes no obvious influence on the fluorescence
decay of ABTS/LDH UTFs throughout the whole assembly
process.

Figure 4. (A) Emission spectra of the (ABTS/LDH)20 UTF in the presence of different Cd2+ concentrations (295 K, λex = 375 nm) and (B) Cd2+

titration curve of the chemosensor for emission at 435 nm.

Figure 5. (A) Emission spectra of the quenched chemosensor in EDTA (50 μM) as a function of time and (B) reversibility of the chemosensor recorded
by alternate measurement in two separate solutions of Cd2+ and EDTA.
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Steady-State Fluorescence Polarization. To understand the
influence of the interlayer microenvironment on the orientation
of the rotating ABTS molecules, the fluorescence anisotropy of
(ABTS/LDH)n UTFs was studied in this work. One of the most
common methods for evaluating fluorescence polarization is the
measurement of the anisotropic value r, as fully described by
Valeur.18 r can be expressed as

r ¼ I|| � I^
I|| þ 2I^

or r ¼ IVV � GIVH
IVV þ 2GIVH

ð1Þ

where I|| and I^ are the photoluminescence intensities measured
in the planes parallel and perpendicular to the excitation radiation,
respectively; IVH is the photoluminescence intensity obtained with

vertically polarized excitation and horizontally polarized detection;
IVV, IHV, and IHH are defined in an analogous way; andG is defined
as IHV/IHH. Theoretically, the value of r is in the range from�0.2
(absorption and emission transition dipoles perpendicular) to 0.4
(two transition dipoles parallel), with deviation from the latter
value indicating the reorientation of the emission dipole moment.
Itwas found that the aqueous solution of ABTS shows essentially

no luminescence polarization (r = 0.01), whereas the (ABTS/
LDH)25 UTF exhibits a well-defined blue photoluminescence
anisotropy with r = 0.33 (shown in Figure S4, Supporting
Information). This indicates that the ABTS molecules are oriented
with a ordered alignment in the LDH gallery, resulting in the
enhanced anisotropy of the film sample. Moreover, the r value was
found to increase systematically as the number of bilayers increased

Figure 6. (A) Photostability of the (ABTS/LDH)20 UTF and ABTS solution as a function of bleaching time. Indicated values are means of three
experiments with a standard error of less than 3%. (B) Fluorescence emission spectra of the (ABTS/LDH)20 UTF (stored at 4 �C) recorded weekly for
1 month.

Figure 7. Fluorescence intensity ratio (I/I0) of the chemosensor at 435 nm induced by indicated metal cations (1 mM each). Mix = a mixed solution
containing all of the tested cations.
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from n = 5 to 25 (Figure 3), indicating an improvement in the
orientation of the ABTS molecules between the LDHmonolayers.
3.2. (ABTS/LDH)n UTFs as a Fluorescence Chemosensor

for Cd2+. Response of (ABTS/LDH)n UTFs to Cd2+. The presence
of Cd2+ leads to significant fluorescence quenching of (ABTS/
LDH)nUTFs, suggesting their feasibility as a chemsensor. Figure
S5 (Supporting Information) shows that the response time of

(ABTS/LDH)n UTFs toward Cd2+ increased with increasing
film thickness, resulting from the reduced diffusion rate of Cd2+

in thicker films. Taking into account both the fluorescence
intensity and the response time, the (ABTS/LDH)20 UTF
sample was chosen for subsequent study.
Figure 4A shows that the fluorescence intensity of the (ABTS/

LDH)20 UTF decreased as the Cd2+ concentration increased

Scheme 1. Schematic Representation of the Measurement�Regeneration Cycle of a UTFa

aZn, yellow green; Al, orange; H, white; S, yellow; O, red; N, blue; C, gray; Cd, purple.

Figure 8. (A,B) XPS and (C) Raman spectra: (a) original (ABTS/LDH)20 UTF, (b) UTF after measurement of Cd2+, (c) UTF regenerated
with EDTA.
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from 0 to 4.0 μM. The calibration plot reveals that the fluores-
cence intensity was proportional to the Cd2+ concentration
(c, μM) in the range of 0.1�1.6 μM, with the following linear
regression equation: I = 215.80 � 71.38c, r2 = 0.99 (Figure 4B).
The absolute detection limit was 9.5 nM, which meets the
requirement for Cd2+ detection in bottled water within U.S.
Environmental Protection Agency and World Health Organiza-
tion (WHO) limits (∼40 nM).19 The fluorescence quenching of
the UTF in the presence of Cd2+ is probably related to the
binding between ABTS and Cd2+,20 as discussed further in the
next section.
Regeneration and Reversibility. Regeneration and reversibil-

ity are of great imporatnce for chemsensors in practical applica-
tions. To realize the regeneration of the chemosensor in this work,
the quenched (ABTS/LDH)20 UTF was immersed in a solution
of EDTA (a metal-ion chelator, 50 μM), and the fluorescence
intensity at 435 nm of the UTF was found to increase gradually
and to recover completely after 30 s (Figure 5A), demonstrating
that the binding between ABTS andCd2+ is chemically reversible.
Good repeatability of the chemosensor was observed with RSD =
1.10% (EDTA) and RSD= 2.20% (Cd2+) in 20 cycles of alternate
immersion into two separate solutions containing Cd2+ and
EDTA (Figure 5B).
Stability.Organic fluorophore indicators generally suffer from

poor photostability, resulting in indicator leaching and/or signal

drifting, which influence their reliability over a long period of
use.21 Figure 6A shows the fluorescence intensity of the (ABTS/
LDH)20 UTF as a function of bleaching time upon illumination
by UV light, along with that of the ABTS solution for compar-
ison. It was found that the half-life of the (ABTS/LDH)20 UTF
sample (7 h) is far longer than that of the ABTS solution
(24min), indicating that the rigid LDH nanosheets improve the
photostability of the ABTS molecules significantly. Further-
more, a storage stability test of the chemsensor shows that
∼94.1% of its initial fluorescence intensity remained after 1
month (Figure 6B).
Selectivity. A key factor in developing a chemosensor is to

obtain a high selectivity toward analyte over other competitive
species. To evaluate the selectivity of the (ABTS/LDH)20 UTF
toward Cd2+, the fluorescence intensities of the UTF at 435 nm
in solutions containing K+, Ca2+, Cd2+, Na+, Mn2+, Fe2+, Co2+,
Zn2+, Cu2+, Ni2+, Cr2+, and Mg2+, individually and all together,
were recorded (Figure 7). It was found that the response of the
UTF to other cations was very low compared with that to Cd2+

and that lower changes in the fluorescence intensity of the UTF
were observed for these interfering species (∼20%) than for Cd2+

(∼90%). No significant influence on the fluorescence response
to Cd2+ was observed in the presence of a mixture of the all of the
above-mentioned metal ions (1 mM each). It is interesting to
note that the ABTS/LDH chemosensor exhibited discrimination

Figure 9. Photoemission profiles in the (a) VV, (b) VH, (c) HV, and (d) HH polarizations and (e) anisotropy of the sample measured at room
temperature (293 K): (A) original (ABTS/LDH)20 UTF, (B) UTF after measurement of Cd2+, (C) UTF regenerated with EDTA.
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of Cd2+ from Zn2+. Furthermore, fluorescence pH titration of
ABTS/LDH UTF showed a high (I0 � I)/I0 ratio in the pH
range 6.5�7.5 (Figure S6, Supporting Information), which
warrants its application in physiological detection.
3.3. Studieson theMechanismofMeasurement�Regenera-

tionCycles. Scheme 1 shows the process of fluorescence quenching
and regeneration for the fluorescence chemosensor. A high
thermodynamic affinity of Cd2+ for typical N-chelate ligands
and fast metal-to-ligand binding kinetics leads to the complexa-
tion of Cd2+ with ABTS in the UTF and the resulting fluores-
cence quenching, whereas the regeneration of the quenched
UTF was rooted in the complexation of Cd2+ and EDTA owing
to the much larger complexing constant between EDTA and Cd2+

(log K≈ 18.2)22 than between ABTS and Cd2+ (log K≈ 6, based
a fit with the Stern�Volmer formula; see Figure S7, Supporting
Information). This process was supported by the results of XPS
and Raman measurements shown in Figure 8. Compared with
the XPS spectrum of the original UTF (Figure 8Aa), that
obtained after measurement of Cd2+ (Figure 8Ab) displays
signals attributed toCd 3d5/2 (405.6 eV) andCd 3d3/2 (412.2 eV),
indicating that Cd2+ was bonded within the UTF through
complexation with ABTS. The disappearance of the Cd signals
for the UTF regenerated with EDTA confirms the removal of
Cd2+ from the UTF (Figure 8Ac). The shift in the N 1s XPS
peak of the quenchedABTS/LDHUTF (NdC, 399.6 eV;N—C,
401.7 eV) compared with those of the original (NdC, 400.4 eV;
N—C, 402.1 eV) and regenerated (NdC, 400.2 eV; N�C,
402.7 eV) UTFs indicates the formation of a coordination
bond between Cd2+ and N atoms in ABTS (Figure 8B). This
can be further verified by the results of Raman spectroscopy
(Figure 8C). Compared with the original and regenerated
ABTS/LDH UTFs, the quenched ABTS/LDH UTF showed
the disappearance of the CdN absorption and the shifts of the
C—H band (from 1066 to 1047 cm�1) and the C�N band
(from 1215 to 1178 cm�1). In addition, Table S1 (Supporting
Information) shows that the incorparation of Cd2+ into the
UTF imposed little effect on the fluorescence lifetime of ABTS
(τtreated = 2.49 ns, τuntreated = 2.39 ns), implying that the
fluorescence quenching of the UTF by Cd2+ is static in nature.23

To obtain further insight into the mechanism of the measur-
ement�regeneration cycles, the polarized photoemission spectra
of the original (ABTS/LDH)20 UTF and the quenched and
recovered UTF samples were measured and are displayed in
Figure 9. The original (ABTS/LDH)20 UTF showed well-
defined fluorescence anisotropy with an anisotropy value (r) of
0.32 (Figure 9A) because of the well-oriented and ordered
arrangement of ABTS. However, the anisotropy value decreased
dramatically to 0.17 after measurement of Cd2+ (Figure 9B),
indicating the decrease in the conjugation of ABTS. After
regeneration by EDTA, the fluorescence anisotropy value in-
creased to 0.31 (Figure 9C) owing to the removal of Cd2+ from
the UTF. In addition, a reversible morphological change was
observed by AFM during each measurement�regeneration cycle
(Figure S8, Supporting Information). The surface of the original
(ABTS/LDH)20 UTF (Figure S8A, Supporting Information)
was smooth, with a root-mean square (rms) roughness of
4.68 nm, whereas sharp peaks were observed after measurement
of Cd2+ (Figure S8B, Supporting Information), accompanied by
a marked increase in the rms roughness (5.28 nm). After
regeneration with EDTA, a relatively smooth surface was recov-
ered (rms roughness = 4.64 nm; Figure S8C, Supporting
Information). The reversible changes in both anisotropy and

morphology indicate that the embedding and removal of Cd2+

give rise to regular variations in the orientation and/or stacking
of ABTS.

4. CONCLUSIONS

The fabrication of ordered (ABTS/LDH)n UTFs by the LBL
deposition technique was performed in this work, and the
application of the resulting materials as fluorescence chemosen-
sors for Cd2+ was demonstrated. A stepwise and regular film
growth procedure was monitored by UV�vis absorption and
fluorescence emission spectroscopies. The rigid LDH nano-
sheets isolate ABTS molecules from each other and thus
suppress the interlayer π�π stacking interaction. In addition,
the (ABTS/LDH)20 UTF displays an excellent fluorescence
chemosensory behavior for Cd2+ with a low detection limit, good
regeneration and reversibility, high photostability, storage stability,
and selectivity. A mechanism study on the measurement�
regeneration cycles revealed that the embedding and removal of
Cd2+ give rise to reversible changes in chemical composition,
surface morphology, and fluorescence anisotropy of the UTF.
Therefore, this work presents a successful paradigm for the
preparation of chromophore�LDHchemosensors. It is anticipated
that the profound understanding of the interdependence of the
fluorescence indicator and LDH matrix will create new opportu-
nities for the design and fabrication of LDH-based chemosensors
that can be used in biological and environmental detection.
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