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materials involving -NO,, -COOH, -SO3H and naphthyl group, which showed high response for Arginine (Arg)
among normal twenty kinds of (Alanine, Valine, Leucine, Isoleucine, Methionine, Aspartic acid, Glutamic acid, Ar-
ginine, Glycine, Serine, Threonine, Asparagine, Phenylalanine, Histidine, Tryptophan, Proline, Lysine, Glutamine,
Tyrosine and Cysteine). Furthermore, theoretical investigation further illustrated the possible binding mode in

Keywords:

Arg;ine the host-guest interaction and the roles of molecular frontier orbitals in molecular interplay. In addition, nano-
Biosensor material 3 exhibited high binding ability for Arg and low cytotoxicity to KYSE450 cells over a concentration
Nano-material range of 5-50 umol - L™ ! which may be used a biosensor for the Arg detection in vivo.

KYSE450 © 2015 Elsevier B.V. All rights reserved.
1. Introduction guests, there have been relatively few reports on Arg selective receptors

With the increasing attention of host-guest chemistry, recognition
and sensing of various molecular and ionic analytes have recently
emerged as a key research field [1-22]. In particular, the detection of
amino acid using biosensor has received an increased interest because
amino acids, as the building blocks for proteins, play vital roles in the
metabolic processes with living bodies [23-25]. As an important
amino acid, Arginine (Arg) plays important roles in cell division, the
healing of wounds, the removal of ammonia from the body, the function
of the immune system, the releasing of hormones, and in particular,
gene regulation, glycoprotein targeting, and vesicle transport [26]. Con-
sequently, the selective recognition of Arg is crucial in the fields of bio-
chemistry and medical science.

Detection methods for Arg have been reported based on traditional
determination, such as HPLC, gas phase chromatography, ion exchange
chromatography, electrochemical method, etc. [27,28]. The above
methods have some deficiency, such as the expensive instruments, the
poor repetitiveness and selectivity. The design and synthesis of artificial
receptors arise more attention due to high selectivity for the analytes. In
this regard, fluorescence is a vital detection method because of its sim-
plicity and high sensitivity [29,30]. Even though considerable efforts
have been devoted to develop fluorescent chemosensors for various
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which show the fluorescent changes or color changes.

Azobenzol derivative is an important organic material and shows
unique optical function [31]. As a potential host, azobenzene has been
broadly exploited in many areas because of its efficient inclusion ability
and easy derivatization by functional groups [32]. In addition, receptors
containing aldehyde group show sensitive response for Arg according to
literature [33]. Recently, reports of nano-materials are numerous due to
their outstanding features in biological environment [34-36]. However,
there are few reports about the application of small organic nano-
material on the detection of amino acid.

In addition, Arg has an outstanding basicity attributed to its guanidine
moiety, which can form a hydrogen-bonding interaction [37]. Based on
the above consideration, we synthesized a series of azo derivatives con-
taining aldehyde groups (Scheme 1) and prepared their nano-materials.
The detection of amino acid using these biosensors was also studied in
neutral aqueous solution and cell cytotoxicity of five nano-materials
was evaluated on KYSE450. Results indicated that these nano-materials
showed high response for Arg among normal amino acids tested (Ala-
nine, Valine, Leucine, Isoleucine, Methionine, Aspartic acid, Glutamic
acid, Arginine, Glycine, Serine, Threonine, Asparagine, Phenylalanine, His-
tidine, Tryptophan, Proline, Lysine, Glutamine, Tyrosine and Cysteine).

2. Material and methods

All reagents and solvents used were of analytical grade and most of
the starting materials, especially for all amino acids, were purchased


http://crossmark.crossref.org/dialog/?doi=10.1016/j.msec.2015.03.005&domain=pdf
http://dx.doi.org/10.1016/j.msec.2015.03.005
mailto:xuefangshang@126.com
http://dx.doi.org/10.1016/j.msec.2015.03.005
http://www.sciencedirect.com/science/journal/09284931

280 X. Shang et al. / Materials Science and Engineering C 51 (2015) 279-286

CHO

NH; 8 NoC @: N=N
NaNO 0°C ~ P on “/

NH
A 2 NaNo, 0°C NGl
S

Hel ey
R R

/. OH
R
2: R=0-NO,
3: R=m-COOH
4: R=p-NO,
5: R=p-SOzH

Scheme 1. Synthesis route for compounds.

from Aladdin Chemistry Co. Ltd (Shanghai, China). All amino acids were
stored in a desiccator under vacuum, and used without any further pu-
rification. Dimethyl sulfoxide (DMSO) was distilled in vacuum after
being dried with CaH,. C, H, and N elemental analyses were made on a
Vanio-EL instrument. 'H NMR spectra were recorded on a Unity Plus-
400-MHz spectrometer. ESI-MS was performed with a Mariner appara-
tus. UV-vis titration experiments were made on a Shimadzu UV2550
Spectrophotometer at 298 K. Fluorometric titration was performed on
a Cary Eclipse Fluorescence Spectrophotometer at 298 K. The SEM im-
ages were obtained by Quanta TM450 FEI coating it with Au. The opti-
mized geometries of compounds were used density functional theory
at the B3LYP/3-21G level with Gaussian03 program. The binding con-
stant, Ks, was obtained by non-linear least squares calculation method
for data fitting.

Compounds 1-5 were synthesized according to the route shown in
Scheme 1.

5 — (2’ — Azo — naphthalene) — salicylaldehyde (1)

5-(2’-Azo-naphthalene)-salicylaldehyde was synthesized according
to the literature [38]. HCI (37%, 6 mL) was added slowly to a solution of
2-amine-naphthalene (5 mmol, 715 mg) in a small quantity of water at
0-5 °C. Then, NaNO, (20%, 20 mL) was added to the above-mentioned
mixture and the solution was stirred for 1 h to give a bright yellow so-
lution. Salicylaldehyde (5 mmol) dissolved in the solution of Na,CO3
(18 g Na,CO3 and 150 mL H,0) was added dropwise to the bright
yellow solution for 1 h. After stirring for 4 h, the reaction mixture was
neutralized with HCL. The deep-red crude solid was filtered and recrys-
tallized from ethanol to afford a pure product. Yield: 87%. '"H NMR
(400 MHz, DMSO-dg, 298 K) & 11.39 (s, 1H, —OH), 10.08 (s, 1H, —~CHO),
8.92 (d, 1H, ph-H), 8.32 (dd, 2H, ph-H), 8.01-7.94 (dd, 2H, ph-H), 7.84
(d, 1H, ph-H), 7.69-7.56 (m, 3H, ph-H), 7.19 (d, 1H, ph-H). Elemental
analysis: Calc. for C;7H,N505: C, 73.90; H, 4.38; N, 10.14; Found: C,
73.88; H, 4.61; N, 9.84. ESI-MS (m/z): 275.3 (M-H) .

5 — (0 — Nitro — phenylazo) — salicylaldehyde (2)

The synthesis method was similar to the above procedure. Yield:
77%. 'H NMR (400 MHz, DMSO-dg, 298 K) & 11.47 (s, 1H, -OH), 10.02
(s, 1H, -CHO), 8.23-8.16 (m, 2H, ph-H), 7.94 (d, 1H, ph-H), 7.70 (d,
2H, ph-H), 7.61-7.58 (m, 1H, ph-H), 7.15 (d, 1H, ph-H). Elemental anal-
ysis: Calc. for Cy3HgN304: C,57.57; H, 3.34; N, 15.49; Found: C, 57.73; H,
3.21; N, 15.67. ESI-MS (m/z): 270.2 (M-H) .

5 — (m — Carboxyl — phenylazo) — salicylaldehyde (3)

The synthesis method was similar to the above procedure. Yield:
91%. 'H NMR (400 MHz, DMSO-dg, 298 K) & 13.32 (s, 1H, -OH), 11.64
(s, TH, -CHO), 10.36 (s, 1H, ph-H), 8.33 (s, 1H, ph-H), 8.21 (s, 1H, ph-

H), 8.14-8.07 (m, 3H, ph-H), 7.73-7.69 (t, sH, ph-H), 7.21 (d, 1H, ph-
H). Elemental analysis: Calc. for C;4H;oN,04: C, 62.22; H, 3.73; N,
10.37; Found: C, 61.94; H, 4.05; N, 10.56. ESI-MS (m/z): 269.4 (M-H)".

5 — (p — Nitro — phenylazo) — salicylaldehyde (4)

The synthesis method was similar to the above procedure. Yield:
73%. 5 11.48 (s, 1H, -OH), 10.06 (s, 1H, -CHO), 8.41 (d, 2H, ph-H),
8.30-8.21 (m, 2H, ph-H), 8.04 (d, 2H, ph-H), 7.18 (d, 1H, ph-H). Elemen-
tal analysis: Calc. for C;3HgN304: C, 57.57; H, 3.34; N, 15.49; Found: C,
57.81; H, 3.59; N, 15.14. ESI-MS (m/z): 270.1 (M-H) .

5 — (p — Sulfonic — phenylazo) — salicylaldehyde (5)

The synthesis method was similar to the above procedure. Yield:
81%. "TH NMR (400 MHz, DMSO-dg, 298 K) & 11.55 (s, 1H, -OH), 10.35
(s, 1H, -CHO), 8.18 (d, 1H, ph-H), 8.11-8.08 (dd, 1H, ph-H), 7.82-7.74
(m, 4H, ph-H), 7.20 (d, 1H, ph-H). Elemental analysis: Calc. for
C13H10N205S: C, 50.98; H, 3.29; N, 9.15; Found: C, 50.61; H, 3.58; N,
8.99. ESI-MS (m/z): 304.2 (M-H) .

Nano-materials of five compounds were prepared by reprecipitation
method [39,40]. The DMSO and the water solution of CTAB (hexadecyl
trimethyl ammonium bromide) were good solvent and poor solvent, re-
spectively. In the experiment, the good solvent containing compound
(0.35 mL, 4 mmol-L™!) was poured into the poor solvent containing
CTAB (100 mL, 3 mmol-L~1!). The mixture was placed for 24 h and cen-
trifuged. The expected solid was washed with water and dried in
vacuum.

3. Results and discussion
3.1. SEM images of compounds

The SEM images were obtained by Quanta TM450 FEI coating it with
Au (Fig. 1).

As shown in Fig. 1, compound 1 could be assembled into long-thin
flakiness on the entire compound. The width of flakiness was nanome-
ter according to the scale. Compound 2 was formed into an oval platelet.
Two compounds (3 and 4) were both formed into ribbon although the
substituent located in different positions. For compound 5 containing
0-NO,, it was assembled into flaky and like a flower entirely. Although
compounds 2 and 5 have the same substituent (-NO,), SEM images
were remarkably different due to the different locations of nitro
group. Therefore, SEM image was related with space configuration.
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Fig. 1. SEM images for compounds.

3.2. UV-vis titration

The binding ability of five nano-materials with amino acid was in-
vestigated using UV-vis absorption spectra in DMSO-H,0 (1:1, v/v) at
298 K. The UV-vis spectral changes of five compounds were shown in
Fig. 2 during the titration with Arg. In the absence of Arg, nano-
material 1 (4.0 x 107> mol-L™! in DMSO) exhibited an obvious peak
at 398 nm. With the increase of Arg, the intensity of absorption peak
at 398 nm strengthened remarkably and shifted to the long wavelength
direction gradually. As a result, red-shift phenomenon occurred after
compound 1 interacted with Arg. One clear isosbestic point appeared
at 375 nm indicating the formation of stable complexation (1-Arg).
Analogous investigations were carried out on other normal amino
acids. The additions of Histidine, Asparagine, Lysine, Threonine and
Tryptophan to compound 1 induced similar spectral change which indi-
cated that compound 1 also interacted with the above amino acids.
However, the additions of Proline, Leucine, Phenylalanine, Alanine, Gly-
cine, Valine, Methionine, Aspartic acid, Glutamic acid, Isoleucine, Serine,
Cysteine, Tyrosine and Glutamine did not induce any spectral response.
The above results indicated that compound 1 showed no binding ability
toward these amino acids (Fig. 3).

The acidity of this kind of compounds can be tuned by changing the
electron property of the substituent on the ortho-, meta- or para-posi-
tion according to resonance structure and the binding ability of amino
acid can also be changed correspondingly [41]. Therefore, 2 (0-NO-),
3 (m-COOH), 4 (p-NO;) and 5 (p-SOsH) were synthesized in order to in-
vestigate the effect of electron properties of substituent on the host-
guest interaction. As expected, the absorption spectra of 2, 3,4 and 5 in-
deed exhibited various changes with the increase of Arg concentration
(Fig. 2). Furthermore, red-shift phenomena occurred in different degree
and one clear isosbestic point also appeared which indicating five com-
pounds all interacted with Arg. Compared with compounds 2-5, the
red-shift effect of compound 1 with Arg was not obvious which may
be related with geometry. And the following theoretical investigation
also proved the geometry of compound 1 was different with com-
pounds 2-5.

3.3. Fluorescent response

The photo physical responses of five nano-materials toward the ad-
ditions of amino acids tested were also investigated in DMSO-H,0 (1:1,
v/v) solution. As shown in Fig. 4, the fluorescence intensity of five com-
pounds all increased with the stepwise addition of Arg. Two possible
mechanisms may explain the fluorescent enhancement: (1) inhibition
of photo-induced electronic transfer (PET) [42] and (2) the guest
binding-induced rigidity of the host molecule [43,44]. For free nano-
material, the oxygen atom of ~CHO could form an intramolecular
hydrogen bond with the hydrogen atom of the hydroxyl group (it
could be proved by theoretical investigation), which led to a PET and a
decreasement of fluorescence. However, the interaction between
nano-material and Arg resulted in the inhibition of PET and an enhanc-
ing in the intensity of the fluorescent spectrum after the addition of Arg
to the solution of nano-material. Similar fluorescence spectral changes
of five nano-materials were induced by the additions of other studied
amino acids. Nevertheless, their fluorescence emission was insensitive
to the additions of large quantity of other amino acids which indicated
that the interactions of host-guest were very weak and could be
ignored.

3.4. Binding constant

Five nano-materials interacted with amino acids as the ratio of 1:1 or
1:2 according to the job-plot analysis. By the method of non-linear least
squares calculation, the binding constants could be obtained and listed
in Table 1 based on the UV-vis data [45-47]. From Table 1, five nano-
materials all showed the strongest binding ability for Arg among
amino acids tested. The reason may be that the aldehyde group of five
nano-materials could interact with the guanidine group of the Arg
through hydrogen bonding because of its outstanding basicity [26].
For other amino acids (Histidine, Asparagine, Lysine, Proline, Threonine,
Leucine, Phenylalanine, Alanine, Glycine, Valine, Methionine, Trypto-
phan, Aspartic acid, Glutamic acid, Isoleucine, Serine), five compounds
showed different binding abilities. However, five nano-materials
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Fig. 2. UV-vis spectral changes of five compounds upon the addition of Arg. [compound] = 4.0 x 10~> mol-L™"; [Arg] = 0-1.6 x 10~ mol-L~'. Arrows indicate the direction of increasing

anion concentration.

showed very weak binding ability for Cysteine, Glutamine and Tyrosine
and could be ignored. The reason may be that m-m staking possibly
existed between five nano-materials and amino acids. For Arg, the bind-
ing ability followed the order of: 3>2>1>4> 5. Compound 3 showed
the strongest binding ability for Arg among five nano-materials. The
reason may be the well match of space geometry and 1:2 binding
ratio. In addition, the selectivity of compound 3 for Arg was the stron-
gest among all compounds. Therefore, compound 3 could be used as a
biosensor for the detection of Arg.

3.5. Theoretical investigation

To further understand the effect of aldehyde group on the photo-
physical properties, the geometries of five nano-materials and host-
guest complexes (3-Arg) were optimized (Fig. 5) using density func-
tional theory at the B3LYP/3-21G level with Gaussian03 program [48].
As shown in Fig. 5, the intramolecular hydrogen bond existed between
the oxygen atom of -CHO and the hydrogen atom of hydroxyl group
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Fig. 3. UV-vis spectral changes of compound 1 upon the additions of various amino acids.
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Fig. 4. Fluorescence response of five nano-materials (4.0 x 10~° mol-L™") upon the addition of Arg (0-2.0 x 10~> mol-L~"), arrows indicate the increase direction of Arg concentration.

for compound 1. However, the intramolecular hydrogen bond existed
between the oxygen atom of -CHO and the near hydrogen atom of ben-
zene for compounds 2-5. The difference of intramolecular hydrogen
bond induced the different red-shift effect in UV-vis spectra of host-
guest. In addition, the geometry of the complexation between com-
pound 3 and Arg was also optimized. Results indicated the intermolec-
ular hydrogen bond existed between the oxygen atom of aldehyde
group in compound 3 and hydrogen atom of amine group in Arg
which proved aldehyde group was the binding site.

In addition, selected frontier orbitals for five compounds (1-5)
were shown in Fig. 6. We introduced molecular frontier orbital in
order to explain UV-vis absorption spectra in host-guest interacted
process by electron transition of frontier orbital. Orbital analysis re-
vealed that the highest occupied molecular orbital (HOMO) density
in compounds 2-5 was mainly localized on the azo moiety, while
the lowest unoccupied molecular orbital (LUMO) density was local-
ized on the whole molecule. The above results indicated it was the

electron transition of the highest HOMO to arouse the red-shift phe-
nomenon in UV-vis spectra of 2-Arg (or 3-Arg, 4-Arg, 5-Arg). In con-
trast, the HOMO and LUMO distributions were located on the whole
molecule for compound 1. While, the LUMO density was correspond
weak which indicated it was the LUMO to arouse the red-shift phe-
nomenon in UV-vis spectra of 1-Arg.

3.6. Cell cytotoxicity

Five nano-materials were evaluated for their anticancer activity in
human cancer cell lines of esophageal carcinoma cell (KYSE450) by the
MTT method (Fig. 7). It was found that nano-material 5 in the range
5-100 umol - L™ showed very low cytotoxicity, nano-materials 2 and 3
showed low cytotoxicity in the range concentration (<50 pmol - L™1).
However, nano-materials 1 and 4 were cytotoxic at the concentration
(>30 pmol - L™"). The cell viability of cells exposed to nano-materials
3 and 5 was minimally affected (90% cell viability). Combination with



284 X. Shang et al. / Materials Science and Engineering C 51 (2015) 279-286

Table 1

Binding constants of compounds with various amino acids.
Amino acid K (1) K (2) K (3) K (4) K (5)
Arginine (1.28 + 0.04) x 10° (1.09 + 0.03) x 10° (2.76 + 0.02) x 107° (9.04 + 0.03) x 10* (434 + 0.06) x 10*
Histidine (8.20 £ 0.15) x 10° (2.39 £ 0.02) x 10* (2.12 £ 0.03) x 10° (9.94 + 0.68) x 10° (3.85 + 0.08) x 10*
Asparagine (331 £ 0.07) x 10? (6.12 £ 0.04) x 10° (6.13 £ 0.06) x 10°® (1.21 £ 0.10) x 10* (2.78 £ 0.07) x 10°
Lysine (830 + 0.04) x 10* (1.03 £ 0.02) x 10° (1.04 + 0.34) x 10%° (2,55 + 0.61) x 10* (2.81 £ 0.33) x 10*
Proline ND? (6.64 & 0.96) x 10? (6.09 £ 0.73) x 10%° (9.57 + 0.69) x 10° (2.09 + 0.03) x 10°
Threonine (3.66 + 0.46) x 10° (3.90 & 0.04) x 10° 195+79 (8.15 £ 0.57) x 10? (1.02 £ 0.09) x 10°
Leucine ND (345 £ 0.02) x 10° ND (1.08 + 0.64) x 10° (2.95 + 0.37) x 10°
Phenylalanine ND (471 £ 0.73) x 10° ND (2.13 £ 0.03) x 10° (7.32 + 0.06) x 10°
Alanine ND (5.98 & 0.95) x 10° ND (2.00 + 0.03) x 10* (2.01 £ 0.63) x 10°
Glycine ND (5.79 £ 0.83) x 10° ND (7.40 £ 0.52) x 10° (1.92 + 0.09) x 10°
Valine ND (6.64 + 0.80) x 10° ND (5.76 + 0.93) x 10° (4.67 + 0.51) x 10?
Methionine ND ND ND (634 £ 0.07) x 10° (9.07 £ 0.55) x 10°
Tryptophan (3.50 + 0.03) x 10? ND ND (1.60 + 0.06) x 10° (459 + 0.07) x 10°
Aspartic acid ND (1.63 + 0.06) x 10° ND (1.32 4+ 0.04) x 103 ND
Glutamic acid ND (7.83 £ 0.42) x 10* ND (1.80 + 0.08) x 10° (1.06 + 0.08) x 10°
Isoleucine ND (4.56 & 0.33) x 10° ND (3.58 + 0.30) x 10* (2.09 + 0.07) x 10°
Serine ND ND ND (4.09 + 0.53) x 10% (7.00 &+ 0.07) x 10?
Cysteine ND ND ND ND ND
Tyrosine ND ND ND ND ND
Glutamine ND ND ND ND ND

2 The binding constant could not be determined.
" The binding ratio of host-guest is 1:2.

binding constants, nano-material 3 showed high binding ability and among five nano-materials was due to particle size, as well as the sur-
low cell cytotoxicity and may be used to detect Arg in vivo. Conversely, face charge-to-volume ratio which were key parameters influencing in-
nano-materials 1 and 4 caused a remarkable decrease in cell viability at teractions with cell membranes (through electrostatic attraction and
concentrations above 50 pumol - L™ !. The difference in cytotoxicity hydrogen bonding) [49].

Fig. 5. Optimized structures of five compounds and 3-Arg.
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Fig. 6. Selected HOMO (a) and LUMO (b) distributions of 1-5.

4. Conclusion

In conclusion, five nano-materials based on azo derivatives were
developed and demonstrated a highly sensitive and selective
absorption assay for Arg among twenty standard amino acids.
Compound 3 containing m-COOH exhibited the strongest binding
ability for Arg among five compounds and showed low cytotoxicity
to KYSE450 cells over a concentration range of 5-50 umol - L™!
which may be used as a biosensor for the Arg detection in vivo.
This work is of great importance in gaining a better understanding
of the special properties of azo derivatives in the presence of

amino acids, and also greatly expands the scope of reagents
which may find future application in the development of analytical
methods for the selective determination of those amino acids
such as Arg.
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