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The fluorescent ultrathin films (UTFs) based on layered double hydroxide/8-amino-1,3,6-
naphthalenetrisulfonate (LDH/ANTS) have been prepared by employing a layer-by-layer assembly
technique, and its application as an optical biosensor for dextran-40 was demonstrated. UV-vis
spectroscopy, fluorescence spectroscopy, X-ray diffraction, scanning electron microscopy and atomic
force microscopy have been adopted to monitor the assembly process. The UTFs display a continuous
and uniform morphology, with a long-range ordered structure. It was found that the UTFs can be used
Keywords: . for dextran-40 sensing in the concentration range 1.0 x 10~ to 1.0 x 10-2 M, and the detection limit of
Layered double hydroxide . R . .. . . .
ANTS 2.7 x 106 M is obtained. Good selectivity toward dextran-40 over other saccharides, including glucose,
Ultrathin film fructose and sucrose, has been demonstrated. Furthermore, the UTFs show a good reusable ability for
Biosensor dextran-40 by recovering the UTFs in a H,0; aqueous solution (1.0 x 10~4 M), with the relative standard
Dextran-40 deviation of 4.18% toward dextran-40 for 10 cycles. The fluorescence response of the film sensor is
attributed to a strong interaction between ANTS and dextran-40, which was verified by XPS, Raman
and polarized photoemission spectroscopy, accounting for the significant fluorescence quenching of the
LDH/ANTS film. The results indicate that the LDH/ANTS UTFs in this work can be used as a biosensor for
the detection of dextran-40.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Saccharides are one of the most abundant biomolecules, which
are essential in life processes, and play fundamental roles in con-
trolling an individual’s birth, differentiation and immunity [1].
Owing to their wide usages and special activities in biological
processes, recognition of saccharides by the synthetic hosts is of
considerable interest [2]. In particular, achieving sufficient sen-
sitivity and selectivity for practical clinical uses is a challenging
task because of their structural diversity. At present, there has
been a great deal of interest in developing the oligosaccharides
chemosensor by using the fluorescence compound. For instance,
anthrylboronic acid has been used for sugar sensor via a fluo-
rescence quenching process [3]. The tetraphenylethene-boronic
acid complex has been synthesized and its biosensor specificity
for D-glucose was studied [4]. Shinkai et al. have developed the
sensors for precise and selective sugar recognition [5]. Later, Sukho-
rukov et al. investigated the possibility of using phenylboronic acid
grafted poly(acrylic acid)-mannan to prepare thin films and hol-
low capsules which are very sensitive to several carbohydrates [6].
Recently, designing the interesting methods for saccharide sensors
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with more sensitive and selective has been reported [7,8]. A hybrid
complex of curdlan with polythiophene functioned as a highly sen-
sitive and selective saccharide sensor has also been demonstrated
[9].

Despite all these progress in detecting the oligosaccharides, sev-
eral problems remain not-well resolved. Firstly, most of sensors
response can only be realized at pH 9 or a higher pH condi-
tion, which are not available in vivo. Secondly, there are a limited
number of oligosaccharide sensors that can be used for rapid sam-
ple analysis, and this strategy may have some limitations when
extended to higher oligosaccharides. Dextran-40, with the degree
of polymerization 40, has been widely used in medicine as a blood
plasma volume expander or blood flow improver for many years
[10,11]. However, the highly selective detection and recognition
of dextran-40 in complex media is a key challenge in diagnostics,
industrial and biotechnological applications [12], especially under
the physiological conditions.

8-Amino-1,3,6-naphthalenetrisulfonate (ANTS) is a naphtha-
lene derivative dye that has been used for labeling the protein in
electrophoresis [13] and detecting oligosaccharides [14]. However,
most previous work is focused on detection of oligosaccharides in
ANTS solution, which limits its practical application. In addition,
ANTS molecule suffers from long-term sustainability as the result of
variation in temperature, environmental pH, etc. Therefore, it is of
great significance to design and fabricate ANTS-based fluorescence
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chemosensors, which can meet the demands of high selectivity,
cycling stability as well as biocompatibility under physiological
conditions. Layered double hydroxides (LDHs) are important 2-
dimensional clay with anion-exchange properties, which have been
widely used as catalysts and supports [15,16], separation tech-
nology [17], and host matrix for functional compounds [18,19].
Recently, the delamination of LDHs into nanosheets and prepa-
ration of inorganic/organic fluorophore ultrathin films have been
reported [20,21]. This inspires us to take the challenge of incorpo-
rating ANTS into LDH host matrix for achieving a new chemosensor
for the detection of dextran-40, which may exhibit the following
advantages: the LDH nanosheets offer a confined environment for
ANTS, which can enhance the optical and thermal stability of ANTS;
Immobilization ANTS by LDH also allows for sensor regeneration
and can be engineered to improve the sensor performance.

In this paper, the LDH/ANTS UTFs have been assembled through
layer by layer techniques. The obtained nanocomposite films dis-
play a uniform morphology with a long-range ordered structure,
and can be utilized as a fluorescence chemosensor for the detection
of dextran oligosaccharides (dextran-40) with rather high selec-
tivity. Furthermore, the LDH/ANTS UTFs show the advantages of
easy regeneration and recycle ability for long-term employment,
resulting from the interaction of UTFs with H,0, by the reductive
amination reaction. To the best of our knowledge, the detection
and measurement of dextran-40 by a solid film chemosensor has
not yet been reported so far. Therefore, the LDH/ANTS UTFs can
provide high sensitivity and selectivity for label-free, rapid, low-
cost detection of dextran-40, which can be potentially used in
clinical diagnostics and biotechnology.

2. Experimental
2.1. Materials

8-Amino-1,3,6-naphthalenetrisulfonate sodium salt was pur-
chased from J&K Scientific Ltd. Dextran-40, glucose, fructose, and
sucrose was purchased from Sangon Biotech Co. of Shanghai
(China). The analytical grade chemicals including Zn(NOs3),-6H,0,
Al(NO3)3-9H,0, NaOH, H,0, and other nitrate salts of metal ion
were used without further purification. The deionized and decar-
bonated water was used in all experimental processes.

2.2. Fabrication of the (LDH/ANTS),, UTFs

The Zny,Al-NO3 LDH precursor was synthesized by the
hydrothermal method reported previously [22]. Then a 0.1g of
Zn;Al-NO3; 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:H,0, (v/v:7:3) and concentrated H,SO4 for 30 min, respec-
tively. Thereafter, the surface of substrates was hydrophilic and
negatively charged. The quartz substrate was rinsed and washed
thoroughly with deionized water before use. The multilayer films
composed of LDH nanosheets and ANTS molecule were fabricated
on pretreated quartz glass substrate through the LBL technique.
The substrate was dipped in a colloidal suspension (0.1 g/mL) of
LDH nanosheets for 10 min and washed thoroughly with deionized
water. Then the substrate was immersed into an aqueous solution
of ANTS (0.2 g/mL) for another 10 min followed by washing. Sub-
sequently, the deposition operation for LDH nanosheets and ANTS
was repeated n times to obtain a multilayer film of (LDH/ANTS)j.
The resulting films were dried with a nitrogen gas flow for 2 min at
25°C.

2.3. The response of dextran-40 measurement

The dextran-40 solutions with the different concentrations were
prepared by dissolving the dextran-40 solid in water. The flu-
orescence chemosensor of LDH/ANTS UTF was immersed into a
quartz cell with dextran-40 solution, and its response was recorded
by a RF-5301PC fluorophotometer with a liquid holder based
on the fluorescence quenching as a function of the dextran-40
concentration.

2.4. Techniques of characterization

The UV-vis absorption measurements were performed on a
Shimadzu UV-2501PC spectrometer. Fluorescence emission spec-
tra were recorded on a RF-5301PC fluorophotometer in the
range 400-650nm with the excitation wavelength of 365nm
and a slit width of 5nm. The morphology and thickness of
the thin film were investigated by using a ZEISS scanning
electron microscope (SEM). The surface roughness data were
obtained by using the atomic force microscopy (AFM) software
(Digital Instruments, Version 6.12). X-ray diffraction patterns
(XRD) measurements were performed on a Rigaku XRD-6000
diffractometer, using Cu Ko radiation (A =0.15418 nm) at 40kV,
30mA, with a scanning rate of 10min~!, and the 26 angle ran-
ging from 2° to 10°. Steady-state polarized photoluminescence
measurements of the LDH/ANTS UTFs were recorded with an
Edinburgh Instruments’ FLS 920 fluorospectrophotometer. X-ray
photoelectron spectroscopy (XPS) measurement was performed
with monochromatized A1 Ka exciting X-radiation (PHI Quantera
SXM). Raman spectra were measured with Renishaw-inVia Raman
microscope.

3. Results and discussion
3.1. Assembly of the (LDH/ANTS), UTFs

The assembling process of the (LDH/ANTS), UTFs was mon-
itored by UV-vis absorption spectra of quartz substrates coated
with (ZnAl-LDH/ANTS), (Fig. 1A, n varies from 2 to 20). The inset
in Fig. 1A shows that the intensities of the absorption bands at
~222nm attributed to ANTS increase linearly as a function of
bilayer number n, indicating a regular and uniform growth of the
UTFs. A wavelength shift of ANTS was observed compared with its
counterpart in aqueous solution (220 nm, dashed line in Fig. 1A),
as a result of the electrostatic interaction between ANTS and LDH
nanosheets. Fig. 1B shows the fluorescence spectra of the LDH/ANTS
UTFs with different n (5-40), from which the (LDH/ANTS),o and
(LDH/ANTS)4o UTF display the strongest fluorescence intensity.
Therefore, the film with n=20 was chosen as the optimum sample
in the following section.

3.2. The surface morphology and structure of the (LDH/ANTS),,
UTFs

The SEM images (Figs. 2A and S1) show the surface smoothness
and uniformity of the UTFs decrease with the increase of bilayer
number. The thickness of (LDH/ANTS),9 UTF is 41 nm observed
from its side view of the SEM image (Fig. 2B), from which it can
be estimated that the thickness of one bilayer (LDH/ANTS); is
~2.05nm. Taking into account the dimension of ANTS molecule
(0.79nm calculated by Gaussian 03) and the basal distance of
LDH/ANTS thin film, it can be speculated that ANTS molecules
adopt a double-layered arrangement model. The schematic struc-
tures of LDH/ANTS UTFs were tentatively proposed and presented
in Scheme 1A.
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Fig. 1. (A) UV-vis absorption spectra of the (LDH/ANTS), UTFs assembled on quartz substrates (The dashed line shows the absorption of ANTS in aqueous solution. Inset:
the linear relationship between absorbance at 222 nm and bilayer number n). (B) Emission spectra of the (LDH/ANTS), UTFs assembled on quartz substrates (n=5, 10, 15, 20
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Fig. 2. (A) Top-view of SEM image, (B) side-view of SEM image, (C) tapping-mode AFM image and (D) XRD pattern for the (LDH/ANTS),o UTF.

The deposition process of the (LDH/ANTS), UTFs was further
monitored by scanning electron microscopy (Fig. S2). The thickness
of the as-prepared UTFs (n=5-20) are in the range of 13-41 nm. The
approximately linear increase of the thickness upon increasing the
layer number confirms that the UTFs present uniform and periodic
layered structure, which is in agreement with the behavior revealed
by the absorption and fluorescence spectra above.

The AFM topographical images (Figs. 2C and S3) show the
value of root-mean square roughness (RSM) increases from 2.82 nm
(n=5) to 7.46nm (n=20), indicating the decrease in uniformity
of the UTFs along with the assembly of LBL films. The XRD pat-
terns (Fig. 2D) exhibit a Bragg peak at 20=4.07°. The average
repeating distance is ~2.17 nm, approximately consistent with
the thickness augment per deposited cycle observed by SEM
(2.05nm).

3.3. The (LDH/ANTS ), UTF as fluorescence chemosensors for
dextran-40

3.3.1. Effect of pH

For many biological applications, it is very important that the
sensor can be used in the physiological pH range. The fluores-
cence intensity of (LDH/ANTS),o UTF in the absence and presence
of dextran-40 at various pH values were measured. As can be seen
from Fig. 3, the emission intensity (505 nm) of (LDH/ANTS),q UTF
remains almost constant over a broad pH range 5.5-9.0 (curve a).
In the present of dextran-40, a significant florescence quenching
was observed (curve b), with a stable intensity in the whole pH
range. The results indicate that the LDH/ANTS UTF maintains good
fluorescence sensing ability toward dextran-40 over a rather wide
pH range, which is the most distinct feature for the environmental
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Scheme 1. (A)Apossible structure representation of the LDH/ANTS UTF and (B) the mechanism for the measurement-regeneration cycle of the LDH/ANTS UTF with dextran-40.
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Fig. 3. Fluorescence intensity of (a) (LDH/ANTS),o UTF and (b) (LDH/ANTS),o UTF in
the presence of dextran-40 as a function of pH.

and biological usage. For facile application, pH 7.0 is chosen in the
subsequent study.

3.3.2. Detection for dextran-40

To investigate the fluorescence response of the (LDH/ANTS),q
UTF sensor toward dextran-40, the fluorescence spectra of
(LDH/ANTS),o UTF before and after the addition of dextran-40
solutions (concentration range from 1.0 x 10~ to 1.0 x 10~2 M)
are shown in Fig. 4A. A significant decrease in fluorescence
intensity of (LDH/ANTS),, UTF was observed upon increasing
dextran-40 concentration. A linear relationship between the fluo-
rescence intensity and the concentration of dextran-40 (—log c) was
obtained (Fig. 4B), with the following linear regression equation:
1=0.732+0.131 log c(dextran-40), R2=0.999. The absolute detec-
tion limit was 2.7 x 10~ M.

3.3.3. Selectivity

Dextran-40, glucose, fructose and sucrose are important sac-
charides, which generally coexist in body fluids. It is therefore of
great interest to learn how these saccharides interfere the response
of (LDH/ANTS);o UTF toward dextran-40. Fig. 5A illustrates the
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Fig. 5. (A) Fluorescence intensity changes ([Fo — F]/Fo) of (LDH/ANTS),o UTF upon addition of dextran-40, fructose, glucose and sucrose, respectively (the concentration of
saccharides is 1.0 x 10-3 M) and (B) fluorescence intensity changes ([Fo — F]/Fo) of (LDH/ANTS )0 UTF upon addition of dextran-40 in the presence of fructose, glucose and

sucrose (5.0 x 10-3 M).

fluorescence intensity change of (LDH/ANTS),, UTF toward
various saccharides, respectively. Remarkably, no optical intensity
change was observed before and after the addition of the sac-
charides except dextran-40. The results demonstrated that the
(LDH/ANTS),¢ UTF can be used as a chemosensor for selective
detection of dextran-40 over a range of other saccharides. In addi-
tion, the fluorescence response of the UTF toward dextran-40 in
the presence of other saccharides is investigated. Fig. 5B shows the
fluorescence intensity change of (LDH/ANTS),o UTF for detecting
dextran-40 (5.0 x 10-3M) in the presence of other saccharides
(5.0 x 1073 M), in which no significant variation in fluorescence
intensity was found with the interference of saccharides. The
results demonstrate that the (LDH/ANTS);o UTF possesses a high
selectivity for dextran-40.

3.3.4. The regeneration and reversibility

It has been reported that H,O, can be used as an oxidation
in chemical regeneration of oligosaccharides from their fluo-
rescent derivatives by the reductive amination reaction [23].
Therefore, the regeneration of (LDH/ANTS),¢ UTF was performed
by immersing the quenched (LDH/ANTS),q UTF into a solution of
H,0; (1.0 x 10~*M). Fig. 6 displays the reversibility (reusability)
of the sensor for dextran-40. The film was alternately exposed
to the dextran-40 solution (1.0 x 10-3M) and H,0, solution
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Fig. 6. Fluorescence intensity of (LDH/ANTS),o UTF after alternate treatment by
aqueous solution of dextran-40 (1.0 x 10-3 M)and H,0; (1.0 x 10~ M), respectively
(Aex=365nm).

(1.0x 10~ M), and the corresponding fluorescence emission at
505 nm was measured every 2 min. It was found the (LDH/ANTS),q
UTF shows a good reusable ability for dextran-40, and the relative
standard deviation was calculated to be 4.84% (H,0,) and 4.18%
(dextran-40) for 10 cycles. When the quenched film was exposed
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Fig. 7. Photoemission profiles in the (a) VV, (b) VH, (c) HV, (d) HH, (e) polarizations and anisotropy of the sample measured at room temperature (293 K): (A) the original
(LDH/ANTS),o UTF, (B) the (LDH/ANTS),o UTF after the measurement of dextran-40 and (C) the regenerated (LDH/ANTS),o UTF by H,0, solution. (VH stands for the PL
intensity obtained with vertical polarized light excitation and horizontal polarization detection, and VV, HV, HH are defined in a similar way.)

to H,0, solution, the dextran-40 and ANTS were separately
recovered by H,0, oxidation, accounting for the regeneration of
(LDH/ANTS),q UTF.

3.3.5. Mechanism of the detection of dextran-40

In order to give a further insight into the mechanism of
measurement-regeneration cycle, the polarized photoemission
spectra of the original (LDH/ANTS),q UTF, the quenched and recov-
ered UTF samples were measured and displayed in Fig. 7. The
measurement of the anisotropic value r is often used to evaluat-
ing fluorescence polarization, which was fully described by Valeur
[24]. For the original (ABTS/LDH),o UTF, it shows well-defined flu-
orescence anisotropy with the anisotropy value r of 0.11 (Fig. 7A)
due to the ordered arrangement of ANTS. After the measurement
of dextran-40 (Fig. 7B), the anisotropy value r increased dramati-
cally from 0.11 to 0.23. This may indicate that the mobility of ANTS
(vibration and rotation) was restricted by its reaction to dextran-
40, resulting in the enhancement of anisotropy. After regeneration
by H,0, solution, the fluorescence anisotropy value decreased to
0.12 again (Fig. 7C), owing to the removal of dextran-40 from the
(LDH/ANTS),o UTF.

The interaction between the (LDH/ANTS),q UTF and dextran-40
was also probed by using C 1s and N 1s XPS spectroscopy (Fig. 8A
and B). Compared with the original (LDH/ANTS),o UTF (Fig. 8A(a)),
the XPS spectrum of C 1s after measurement of dextran-40 displays
a new peak attributed to C—O—H (286.4 eV, Fig. 8A(Db)), indicating
that dextran-40 was bonded in the UTF [25]. The disappearance
of C—0—H signal for the regenerated UTF by H,0, confirms the
removal of dextran-40 from the UTF (Fig. 8A(c)). In addition, the
XPS of N 1s (399.6 eV and 402.0eV, Fig. 8B(b)) for the quenched

(LDH/ANTS),¢ UTF have a decreased shift compared with those of
original (400.1eV and 402.5eV, Fig. 8B(a)) and regenerated one
(399.8 eV and 402.4 eV, Fig. 8B(c)), suggesting that N atom in ANTS
may be complexed to C atom in dextran-40. Therefore, the XPS
results indicate the interaction between dextran-40 and the sensor
film.

More structural details of interaction between (LDH/ANTS);q
UTF and dextran-40 can be deduced from the Raman spectroscopy.
Fig. 8C represents the Raman spectra of the original (LDH/ANTS),q
UTF, the quenched (LDH/ANTS),q UTF, and the regenerated
UTF. Compared with original and regenerated (LDH/ANTS),o UTF
(Fig. 8C(a) and (c)), the quenched (LDH/ANTS),o UTF (Fig. 8C(b))
shows the band at 1064 cm~! which is attributed to the group of
C—0. The band of C—N shifts from 1368 cm~! to 1358 cm~!, indi-
cating the interaction between N atom in (LDH/ANTS),¢ UTF and
C atom in dextran-40. It is concluded that dextran-40 was bonded
within the UTF via the complexation with ANTS.

On the basis of the above results and enlightened by previ-
ous studies about the chemical reactions of ANTS with saccharides
[26], we propose a response mechanism of LDH/ANTS UTF toward
dextran-40 as shown in Scheme 1B.

3.4. Analytical application

To explore the potential of (LDH/ANTS),q UTF for practical appli-
cations, we checked the feasibility of using (LDH/ANTS),q UTF for
detection of dextran-40 under the simulated physiological condi-
tions (Fig. 9). The simulated physiological solution is a phosphate
buffered solution (PBS) with 100 mM NacCl to keep constant ionic
strength. From the Fig. 9, it can be seen that addition of dextran-40
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Fig. 9. The fluorescence spectra of (a) the (LDH/ANTS),o UTF, (b) the (LDH/ANTS),o
UTF upon addition of dextran-40 solution and (c) upon addition of dextran-40 in
the simulated physiological condition.

in an artificial physiological solution quenched the fluorescence of
(LDH/ANTS);( UTF, which is very close to the response behavior of
the pure dextran-40 solution.

4. Conclusions

In this study, we have explored a facile, efficient, and economical
route to obtain the (LDH/ANTS), UTFs, and its selective recognition
toward dextron-40 was investigated. UV-vis spectroscopy, fluo-
rescence spectroscopy, XRD, SEM and AFM have been adopted to

characterize the assembly process, and the sensing response of
the (LDH/ANTS),¢ UTF toward dextran-40 was studied in detail
by using the fluorescence spectroscopy. It was found that the
(LDH/ANTS); UTF can be used for dextran-40 sensing in the con-
centration range 1.0 x 10> to 1.0 x 10~2 M, and the detection limit
of 2.7 x 1076 M is obtained. Good selectivity toward dextran-40
over other saccharides (glucose, fructose and sucrose) has also been
demonstrated. In addition, the mechanism of the (LDH/ANTS),o UTF
for determination of dextran-40 was revealed by a combination
study based on the polarized photoemission, XPS and Raman spec-
troscopy, from which the strong interaction between dextran-40
and ANTS occurs and is responsible for the significant fluorescence
quenching. Therefore, this work provides a facile and efficient strat-
egy for the immobilization of organic molecule into an inorganic
matrix, which can be potentially applied for the selective detection
of dextran-40. We will also work on expanding the scope of appli-
cations of the ultrathin film into other types of dextran, and other
molecules of biological importance.
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