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ABSTRACT: Theoretically, the two aldehydes of terephthalalde-
hyde (TPA) are equivalent, so the single or double Schiff base
from TPA and D-glucosamine (Glc) may be formed at the same
time. However, it is preferred to produce separately a single Schiff
base (L1) or double Schiff base (L2) for different synthesis systems
of anhydrous methanol or water−methanol. We calculated the ΔrG
of the formation of compounds L1 and L2 by density functional
theory (DFT). In an anhydrous methanol system, the ΔrG values
of L1 and L2 are both below zero and L2 is lower, suggesting the
spontaneous formation of the two Schiff bases. Though adjusting the molar ratio of Glc to TPA, L1 and L2 both were separately
formed in anhydrous methanol. However, in the water−methanol system, L2 was absent, which is most likely due to higher ΔrG
(4.95 eV) and better water solubility. The results also exhibits that the positive charge of C in −CHO for TPA is smaller in a mixed
solvent than that in methanol, which confirms that the nucleophilic reaction of the Schiff base is more difficult in a mixed solvent.
Therefore, we could realize to control the synthesis of a pure single or double Schiff base from Glc and TPA by adjusting the molar
ratio and solvent. The as-prepared two kinds of Schiff bases have strong optical properties, high bacteriostatic activity, and can be
used as fluorescent probes for tumor cell imaging.

■ INTRODUCTION

Condensation of carbonyl compounds with primary amines
was discovered in 1864 by Hugo Schiff.1 Thus, this kind of
compound is hereafter called the Schiff base. It refers to the
reaction between a class of compounds containing aldehydes
and the others with amino groups, which results in imine
groups (CN).2−4 The Schiff base is not only used as a
pigment, dye, catalyst, intermediate in organic synthesis, a
supercapacitor, and so on5−8 but also shows a wide range of
biological activities, including anti-fungal, anti-bacterial, anti-
malaria, anti-proliferation, anti-inflammatory, anti-virus,
etc.9−13

As a natural amino monosaccharide, D-glucosamine (Glc)
exists in a variety of organisms, and it has excellent biological
activity.14−19 It has a good killing effect on cancer cells but has
little cytotoxicity to normal human cells.20,21 Currently, Glc
and its derivatives have attracted more attention due to their
special nature of the molecular structure, one amino group,
and four hydroxyls. In addition, the various products have been
applied in many fields like biology, medicine, and so on.22 The
amino group can condense with aldehyde compounds to
prepare the Schiff base. If sugar is introduced into the structure
of the Schiff base, then it is expected that the drugs with less
toxicity and better anticancer activity can be obtained. In
addition, Glc contains rich hydroxyl groups, which can make
the synthesized Schiff base with good water solubility.

Therefore, the synthesis of the Schiff base with Glc as a lead
compound has important significance in the field of
biomedicine and other fields.23

At present, some scholars have reported the Schiff bases
from Glc; however, few bis-Schiff bases were synthesized from
Glc. In this work, we report a single Schiff base and a
symmetric bis-Schiff base (marked as L1 and L2) both from Glc
and terephthalaldehyde (TPA). According to previous
works,24,25 the synthesis process of the compounds is designed,
as shown in Figure 1, and the two Schiff bases can be separated
by adjusting the solvent and molar ratio. The two compounds
are with good water solubility, optical properties, and
bacteriostatic activity, which could be applied for biological
imaging and anti-bacteria.

■ RESULTS AND DISCUSSION
Schiff bases L1 and L2 were synthesized in different synthesis
methods. In the first method (M1), Glc and TPA of different
proportions were mixed in anhydrous methanol and reacted
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for 50 min at 35 °C and then stood overnight. The difference
in the second method (M2) was that it was a mixed solvent of
water and methanol where TPA methanol solution was added
into Glc aqueous solution and stirred at room temperature for
3 h. The two aldehydes of TPA are equivalent in theory, so the
single or double Schiff base should be formed at the same time.
However, the results show that, in the anhydrous methanol
synthesis system, the product was changed from L1 to L2 when
the molar ratio of Glc to TPA was from 1:1 to higher than 2:1.
However, in water−methanol solution, only L1 was formed
even if the molar ratio was higher than 2:1.
As seen from Figure S2, 1H NMR and 13C NMR spectra of

compounds L1 and L2 are without impurity peak, which proves
that the two Schiff bases have high purity. Using compound L1
as an example, characteristic peaks of HCN appear in
both 13C NMR spectra at 161.79 ppm and 1H NMR spectra at
8.32 ppm, indicating that the Schiff base was successfully
synthesized. Furthermore, the characteristic peaks of −CHO at
193.40 ppm for 13C NMR and 10.07 ppm for 1H NMR also
appear for L1, which indicates that only one −CHO is
replaced. For L2, the peaks of −CHO in 1H NMR and 13C
NMR spectra are absent.
To explore the synthesis mechanism, we calculated ΔrG of

compounds L1 and L2 synthesized by two methods, and the
values of ΔrG are as follows. Based on the optimized structures,
the zero-point-corrected Gibbs free energies (G) at 298.15 K
were calculated at the ωB97XD/6-311++g(d, p) level to
obtain ΔrG of the considered reactions. As ΔG shows, in an
anhydrous methanol system, the ΔrG values of L1 and L2 are
both below zero, suggesting the spontaneous formation of the
two Schiff bases in which L2 is easier to generate. Nevertheless,
with the water−methanol method, the value of ΔrG is higher
than that prepared with M1. Furthermore, the ΔrG2,2 value is
up to 4.95, which indicates the difficult formation of L2, and

this phenomenon coincides with the experimental results. The
results show that the water solubility of L2 (20 mg/mL) with
rich −OH is stronger than that of L1 (16 mg/mL), although it
is highly symmetrical. Furthermore, the positive charge of C in
−CHO for TPA is smaller in the mixed solvent than that in
methanol (Figure 2). The reason for varied charge distribution
is that the salvation and dipole moment reduce in water−
methanol, resulting in a decrease of charge separation. Because
the formation of the Schiff base is a nucleophilic reaction, the
low positive charge of C means that the synthesis reaction
could be difficult. In the water−methanol system, the absence
of L2 is most likely due to lower positive charge of C atom in
−CHO, good solubility, and higher formation energy in this
system.
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+ → + Δ = −
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G

G
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2 2 1 r 1,2 2

r 2,2

where the units are in kcal/mol.
The highest occupied molecular orbital (HOMO) and

lowest unoccupied molecular orbital (LUMO) are critical
parameters to characterize the kinetic stability of the molecule,
and the energy gap between HOMO and LUMO determines
the molecular chemical reactivity and stability and explains the
intermolecular electrical transport.26 The orbital distributions
and energies of HOMO and LUMO have been performed for
the two compounds in different solvents at the ωB97XD/6-
311++g(d, p) level. Orbital distributions and energies of
HOMO and LUMO in different solvents are shown in Figure
3. It can be found that HOMO electrons are localized over the

Figure 1. Synthesis of Schiff bases L1 and L2.

Figure 2. Atomic charges of TPA in (a) water−methanol and (b) methanol.
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glucose, CN, benzene, and aldehyde of compounds L1 and
L2. Meanwhile, LUMO electrons have a centralized distribu-
tion in CN, benzene, and aldehyde of compounds L1 and L2.
The orbital energies of HOMO and LUMO for both L1 and L2

in a mixed solvent are higher than those in pure methanol or
water. As seen in Figure 3, L1 has a lower LUMO energy level
and L2 has a higher HOMO energy level. It indicates that L1 is
likely to behave as an electron acceptor, and L2 presents as an
electron donor. The energy gap between HOMO and LUMO
for compound L1 is the largest in the mixed solvent but that for
L2 is the smallest. However, the energy gaps for L1 and L2 in

the three kinds of solvents are all larger than 8.0 eV, which
means good stability of the two compounds.
The organic functional groups of the two compounds were

analyzed by Fourier transform infrared (FT-IR) spectra. Figure
4a depicts the FT-IR spectra of compounds L1 and L2, and the
data is shown in Table S1. The CN stretching vibration,
which is the most characteristic band of the Schiff base
derivatives, occurs at 1640 cm−1. The OH stretching bands of
the Glc group of compound L1 are observed in 3481 cm−1,
while the C−OH stretching bands are found at 1268, 1219,
1165, and 1151 cm−1. The observed bands at 603, 573, and
549 cm−1 can be assigned to the pyranose skeleton, and the

Figure 3. Optimized structures, molecular orbital, and energy level in different solvents for Schiff bases L1 and L2.

Figure 4. (a) FT-IR spectra, (b) UV−vis absorption spectra, and (c) fluorescence excitation and emission spectra of Schiff bases L1 and L2.
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band at 1087 cm−1 belongs to pyran ether. The CC bands of
the aromatic nucleus are observed at 1572, 1439, and 1410
cm−1. Characteristic absorption peaks of CN, the sugar ring,
and the aromatic nucleus appear in FT-IR spectra at the same
time, which illustrates the formation of the Schiff base. What is
more, the FT-IR spectra of compound L1 show the
characteristic absorption peaks of −CHO at 1689 cm−1

while those of compound L2 disappear, which proves that
the two −CHO groups are all replaced and also confirms the
formation of compound L2.
The UV−vis absorption spectra of the compounds (1 mg/

mL) in ultrapure water were recorded within 200−800 nm at
room temperature. From Figure 4b, we can see that the spectra
of the two Schiff bases are similar. The strong absorption peak
at 200 nm is caused by the π−π* transition of the CN
connected with the sugar ring. The absorption peak of
aromatic aldehydes is generally about 250 nm,25 while the
Schiff bases have a stronger absorption due to the larger
conjugated carbon π-system. The absorption peaks of
compounds L1 and L2 can be attributed to n−π* at 266 nm.
The fluorescence excitation and emission spectra of Schiff

bases (1 mg/mL) in ultrapure water were determined at room
temperature (see Figure 4c). The excitation wavelength was
360 nm, and the emission wavelength was about 450 nm. Since
the Schiff base molecules contain a π-electron conjugated
system and an aromatic nucleus with a rigid plane structure,

the synthesized molecules L1 and L2 have good fluorescence
performance. The emission QY values of L1 and L2 are 5.65
and 15.28%, respectively. It can be seen from Figure 3c that the
different substituents attached to the aromatic nucleus caused
different fluorescence wavelengths. Even so, the fluorescence
spectra are very similar due to similar structures.
To research the anti-bacterial activity of compounds L1 and

L2, the OD600 of the bacteria after being treated with the two
Schiff bases (0.08 mg/mL) for 24 h were recorded, including
Staphylococcus aureus, Escherichia coli, and Candida albicans. As
shown in Figure 5a, L1 and L2 at the low concentration have
the best bacteriostatic effect on C. albicans with an inhibition
rate of about 70% and the second one is S. aureus. L2 has a
certain inhibitory effect on E. coli, whereas L1 has no inhibitory
effect on E. coli at all. Nevertheless, as shown in Figure S1a, the
inhibition rates of Glc (0.08 mg/mL) against S. aureus, E. coli,
and C. albicans are 3.26, 12.04, and 2.58%, respectively, and
those for TPA are 8.00, 15.66, and 2.79%, respectively. Overall,
the two Schiff bases synthesized in this study have good
bacteriostatic activity, which is competitive compared with
other Schiff bases derived from D-glucosamine.27 It can also be
found that the bacteriostatic effect of L2 is better than that of
L1. The previous study has established that the presence of
imine or azomethine subunits in various compounds was
critical to their biological activities.28 Accordingly, the

Figure 5. (a) Anti-bacterial activity against S. aureus, E. coli, and C. albicans. (b) Cytotoxicity on HepG2 cells for Schiff bases L1 and L2.

Figure 6. Inverted fluorescence imaging of HepG2 cells with 20× objectives. (a) Bright-field image of HepG2 cells, (b) HepG2 cells stained with
DAPI, (c) HepG2 cells stained with the Schiff bases, and (d) the overlay image.
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bacteriostatic activity of the double Schiff base (L2) is better
than that of the single Schiff base (L1).
For the study of cytotoxicity for the two Schiff bases, the

MTT test was carried out. In the test, the human
hepatocellular carcinoma cells (HepG2 cells)29 were dyed
with 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium
bromide (MTT) and treated with various concentrations of
the two compounds for 24 h. Then, an absorbance at 490 nm
was measured to calculate the cell survival rate. The larger the
absorption at 490 nm after drug treatment, the smaller the
cytotoxicity. Figure 5b displays the cytotoxicity of compounds
L1 and L2 to HepG2 cells. The cell survival rate is more than
70% at even a concentration of 100 μg/mL. At the same
contration, the cell survival rate of TPA is lower than 55%
(Figure S1b). This demonstrates that both L1 and L2 have low
cytotoxicity and good biocompatibility, which provided
potential possibilities for bioimaging. Overall, because of the
−CHO of L1, the cytotoxicity of L1 is higher than that of L2.
The feasibility of fluorescence imaging with compounds L1

and L2 in HepG2 cells was studied (Figure 6). It exhibits that
compounds L1 and L2 can be used as a fluorescent probe for
tumor cell imaging. The bright-field images of HepG2 cells and
HepG2 cells stained with 4′,6-diamidino-2-phenylindole
(DAPI) are shown in Figure 5a and Figure 5b, respectively.
After being incubated with compounds L1 and L2 for 1 h, the
HepG2 cells show a clear and bright green fluorescence
stimulated by a blue channel, and the image background is
clean. It demonstrates that compounds L1 and L2 have
excellent permeability of the cell membrane, which made it
easy to dye HepG2 cells (Figure 5c). In addition, the overlay
image in Figure 5d displays that the staining position of
compounds L1 and L2 on cells overlaps with that of DAPI
nuclear dyes, and the cytoplasmic part also shows the green
fluorescence, which indicates that compounds L1 and L2 can
enter both the cytoplasm and nucleus.
d

■ CONCLUSIONS

In this work, two new Schiff bases L1 and L2 were prepared,
which have strong optical properties and high anti-bacterial
activity. Therefore, the prepared Schiff bases can be used as
fluorescent probes for tumor cell imaging. Comparing the two
compounds, the advantages of water solubility, bacteriostatic
activity, and cytotoxicity of L2 are better than those of L1. It is
worth noting that we have realized the controllable synthesis of
single and double Schiff bases by adjusting the molar ratio of
Glc to TPA and explained the selection of the reaction
mechanism.

■ EXPERIMENTAL SECTION

All chemicals were obtained from commercial suppliers and
used without further purification. The 1H and 13C NMR
spectra were recorded in DMSO-d6 on a Bruker ascend 500 m
spectrometer operating at 500 and 126 MHz. Mass
spectrometry was collected by a Solan 70 FT-MS high-
resolution mass spectrometer in DMSO with an electrospray
ionization source (ESI). IR spectra were obtained using a
Nicolet IS50 FT-IR spectrometer with KBr pellets in the range
of 400−4000 cm−1. The data of elemental analysis were
measured by an Elemantar Vario EL cube organic element
analyzer. UV−vis spectra were measured using a Shimadzu
UV-2600 spectrophotometer. Fluorescence measurement was

performed at room temperature on a Cary Eclipse fluorescence
spectrometer in a 300 μL quartz cuvette. Cell imaging was
performed on a DFC450C inverted fluorescence microscope
(Leica, Germany).

Synthesis of Schiff Base. Glc hydrochloride (2.5 mmol),
NaOH (2.5 mmol), and anhydrous methanol (5 mL) were
added into a 50 mL beaker. The mixture was stirred and
refluxed for 5 min, and then, NaCl was filtered out.
Terephthalaldehyde (TPA) (2.5 mmol) anhydrous meth-

anol solution was slowly added to the filtrate and reacted for 50
min by stirring at 35 °C. The white precipitate was formed for
one night. Finally, the solid was filtered and washed several
times with cold anhydrous methanol. This is the first system to
prepare the Schiff base, marking as M1. Compound L1 was
obtained by air drying (yield 70.98%). M.wt.: 295.286; MS
(ESI) ([M + Na]+) = 318.095 (Figure S3). 1H NMR (500
MHz, DMSO-d6), δ ppm, 2.91 (t, 1H, CH2), 3.18−3.49 (m,
4H, GlcH), 3.70−3.78 (m, 1H, CH2), 4.62 (t, 1H, OH), 4.78
(t, 1H, OH), 4.98 (d, 1H, CH-N), 5.04 (d, 1H, OH), 6.67 (d,
1H, OH), 7.99 (s, 4H, ArH), 8.32 (s, 1H, CHN),
10.07 (s, 1H, −CHO) (Figure S2). 13C NMR (126 MHz,
DMSO-d6), δ ppm, 95.87−61.68 (6C, GlcC), 141.61−129.04
(4C, ArC), 161.79 (1C, CN), 193.40 (1C, −CHO)
(Figure S2).25

The synthetic method of compound L2 was similar to that of
L1 where the amount of TPA was changed to 1 mmol, and the
other steps were the same (yield 51.80%). M.wt.: 456.444; MS
(ESI) ([M + Na]+) = 479.164 (Figure S3). 1H NMR (500
MHz, DMSO-d6), δ ppm, 2.93−2.84 (m, 1H, CH2), 3.17−3.54
(m, 4H, GlcH), 3.70−3.78 (ddd, 1H, CH2), 4.59 (t, 1H, OH),
4.75 (t, 1H, OH), 4.92 (d, 2H, CH-N), 4.98 (d, 1H, OH), 6.62
(d, 1H, OH), 7.83 (s, 2H, ArH), 8.25 (s, 1H, CHN)
(Figure S2). 13C NMR (126 MHz, DMSO-d6), δ ppm, 95.94−
61.69 (6C, GlcC), 138.31−128.68 (4C, ArC), 162.13 (1C, 
CN) (Figure S2) .
For the second method (marked as M2), due to the different

solubility of Glc and TPA, the water−methanol method was
used to synthesize the Schiff base. Glc hydrochloride (2.5
mmol), NaHCO3 (2.5 mmol), and ultrapure water (5 mL)
were added to a 50 mL beaker. After complete dissolution, 5
mL of 2.5 mmol of TPA anhydrous methanol solution was
added and the mixture was stirred at room temperature for 3 h.
Compound L1 was obtained overnight from the reaction
solution. Surprisingly, no compound L2 was formed even if the
amount of TPA was changed to 1 mmol (yield 73.95%). The
elemental analysis of compounds L1 and L2 is shown in Table
1.

Computational Procedures. All the density functional
theoretical (DFT) calculations in this work were carried out by
using the ωB97XD density functional in conjunction with the
6-311++G(d, p) split valence basis set in the GAUSSIAN 16
software package.30 The analyses of vibration frequencies have
been also implemented at the same theoretical level to make
sure that all the optimized structures are true minima without
any imaginary frequencies on their potential energy surfaces.
Based on the optimized structures, the zero-point-corrected

Table 1. Elemental Analysis of Compounds L1 and L2

compound measured value theoretical value

L1 C56.40, H5.80, O33.39, N4.47 C56.95, H5.75, O32.54, N4.75
L2 C49.04, H6.68, O38.67, N5.61 C52.62, H6.18, O35.05, N6.14
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Gibbs free energies (G) at 298.15 K were calculated at the
ωB97XD/6-311++g(d, p) level to obtain ΔrG of the
considered reactions. The solvation model based on density
(SMD)31 was used to take the effect of the solvent into
account in all the calculations. Dimensional plots of molecular
configurations and orbitals were generated with the GaussView
program.32

Anti-Bacterial Activity. The anti-bacterial activity of the
drugs (compounds L1 and L2) was studied by the 96-well plate
titration method. The bacteria were plated in a Luria−Bertani
(LB) medium composed of tryptone, yeast extract, and sodium
chloride. The specific process was as follows: S. aureus, E. coli,
and C. albicans were resuscitated by adding 5 mL of the LB
medium to the freeze-dried bacterial powders overnight. After
that, amplification was cultured by adding 5 mL of the LB
medium to 1 mL of the resuscitated bacterial solutions. The
experiment was carried out when the value of OD 600 nm
reached 0.6 (logarithmic growth period). We prepared 0.08
mg/mL of the drugs with ultrapure water. The S. aureus, E. coli,
and C. albicans solution were evenly planted into a 96-well
plate with 100 μL per hole, and then, the drug solutions were
added into the plate with 100 μL per hole. The value of OD
600 nm was measured after incubating at 37 °C for 24 h.
Cytotoxicity Study. The cytotoxicity of compounds L1

and L2 to HepG2 cells was studied following a reported MTT
test. 3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium
bromide (MTT)33 is a yellow dye, which can specifically
recognize living cells. Briefly, (i) HepG2 cells in the
logarithmic phase were seeded into a 96-well plate at 10,000
cells per well and grown in an incubator (37 °C, 5% CO2) for
24 h. (ii) These cells were incubated with 100 μL of
compounds L1 or L2 (0, 6.25, 12.5, 25, 50, and 100 μg/mL) for
24 h. (iii) MTT solution (100 μL, 1 .0 mg/mL) was added
into each well and then coincubated for 4 h. (iv) The
supernatant was removed, and 150 μL of DMSO was added.
The absorbance at 490 nm was measured by a microplate
reader after shaking for 10 min. (v) The cell survival rate was
acquired by A/A0 × 100% (A and A0 represent the absorbance
of the L1 or L2 treat group and control group, respectively).
In Vitro Cell Imaging. Human cancer cells were seeded

into a Petri dish at a density of 10 × 104 cells per well and
cultured in a Roswell Park Memorial Institute (RPMI)
medium supplemented with 10% fetal bovine serum (FBS)
and 1% PS in an incubator (37 °C, 5% CO2) for 24 h. Then,
the medium was removed and the adherent cells were washed
with phophate-buffered saline (PBS) three times. Subse-
quently, 1 mL of the incomplete medium containing
compounds L1 or L2 (39.22 μg/mL) was added to the wells.
After incubation for 1 h, the medium was cleaned with PBS
three times and dyed with 4′,6-diamidino-2-phenylindole
(DAPI) (1 μg/mL) PBS solution for 10 min. DAPI can emit
a blue fluorescence to sign the cell nucleus.34 Then, it was
cleaned with PBS twice, and 1 mL of 2.5% GD was used to
fixed cells for 10 min. Before imaging, the solution was
removed, and then, the cells were washed with PBS three
times. The bright-field and fluorescent images of cells were
obtained on an inverted fluorescence microscope.
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(16) García-Álvarez, I.; Groult, H.; Casas, J.; Barreda-Manso, M. A.;
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