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Incorporation of anions of indigo carmine dye and dodecyl sulphate to CaAl-layered
double hydroxides (LDHs) has been carried out by the coprecipitation method. The effect
of Ca®*/AI*" ions ratio on the color and photostability of the composites was studied. The
FE-SEM images suggested that the CaAl/Indigo and CaAl/SDS/Indigo composites formed
plate-like structure with loose stacking. XRD results showed that the CaAl-LDH were
mainly composed of CaAl-hydrotalcites structure. The FT-IR spectra revealed the
interaction between the sulfate groups and the LDH surface, and the functional groups of
each counterpart were present. The UV-Vis absorption spectra of the CaAl/Indigo and
CaAl/SDS/Indigo composites exhibited intense blue color. Furthermore, the CaAl/Indigo
and CaAl/SDS/Indigo composites exhibited high photo-stability under UV irradiation.
Cytotoxicity was then assessed using the methyl tetrazolium test (MTT) and the cell
survival rate was determined. Cytotoxicity tests showed that most CaAl/Indigo and
CaAl/SDS/Indigo composites are biocompatible to the GF cells except the SDS modified
CaAl-hydrotalcites structure.
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1. Introduction

Recently, a number of studies have focused on the preparation and characterization of
organic-inorganic pigment composites [1-4]. Organic-inorganic pigment composites are colorants
with pigment properties. They are usually obtained by precipitating dyes onto inorganic substrates
such as calcium carbonate [5], alumina [6, 7], barium sulphate [8, 9], magnesium aluminum
layered double hydroxides [1-3], producing hybrid organic-inorganic compounds. Hybrid organic-
inorganic composites are widely used in plastics, coatings, textiles and fertilizers. Organic-
inorganic composites have therefore attracted much attention from researchers interested in the
design and fabrication of modern multifunctional coloring agents.

Layered double hydroxides (LDHSs), also called hydrotalcite-like compounds, have a
sandwich structure composed of a cation layer and an anion interlayer, both of which are quite
tunable. In general, LDHs have been synthesized from various divalent (M?* = Mg*, Zn*, Ni?")
and trivalent cations (M* = AI**, Fe**, Cr*") in variable M?*/M*" mole ratios and accompanied by
interlayer anions of diverse nature [10-12]. On the feature of LDHSs host structure, guest organic
molecules can be incorporated into the interlayer space to give hybrid materials with various

* Corresponding author: s_suntornsc@hotmail.com
https://doi.org/10.15251/DJNB.2022.173.899


https://chalcogen.ro/index.php/journals/digest-journal-of-nanomaterials-and-biostructures
https://chalcogen.ro/index.php/journals/digest-journal-of-nanomaterials-and-biostructures?id=575amp;catid=8
https://doi.org/10.15251/DJNB.2022.173.899

900

functionalities which are suitable to be used in many applications such as pigments, optical
devices, fillers in polymer composites, drug carriers, and catalysts.

In the current work, we propose new hybrid organic-inorganic pigment composites by
incorporation of indigo carmine dye (IC) to CaAl-layered double hydroxides (CaAl-LDHs) by a
coprecipitation method with different Ca/Al ratios. In this study, the CaAl/Indigo and
CaAl/SDS/Indigo composites were characterized using X-ray diffraction (XRD), scanning electron
microscopy (SEM) and Fourier transform infrared spectroscopy with attenuated total reflection
(ATR-FTIR). The enhancement of stability of these compounds under UV irradiation was also
evaluated.

Indigo carmine (IC), a deep blue dye widely used in the areas of textile dyeing and the
coloring of plastics, has the structural formula as shown in Figure 1.
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Fig. 1. The chemical structure of indigo carmine dye.

2. Materials and Methods

2.1 Materials

All chemicals were analytical grade and used as received without further purification.
Aluminium chloride hexahydrate [AICIl;- 6H,0] (KemAus™, Australia), calcium chloride
dihydrate [CaCl,- 2H,0] (Riedel-de Haen, Germany), Sodium dodecyl sulphate
[CH3(CH,)1;0S0OsNa] (Loba Chemie, India), Indigo Carmine [C1gHgN4NazOeS,] (Sigma-Aldrich,
USA) and sodium hydroxide (NaOH) (Merck, Germany) were used as starting materials.

2.2. Preparation of indigo carmine modified calcium-aluminum layer double
hydroxide

2.2.1 Preparation of CaAl-LDHs

The CaAl-LDHs were prepared via the coprecipitation method as described in previous
work [13-15]. Briefly, the mixed metal solution containing Ca®* and AIF* was prepared by
dissolving CaCl, - 2H,0 and AICI;-6H,0 in deionized water and the final volume was then
adjusted to 25.00 mL. NaOH solution (1.0 mol-L™) was added dropwise into the mixed metal
solution and stirring was continued at room temperature until the final pH was 11. The suspension
was then aged at room temperature for 24 hours. The precipitate was separated by centrifugation at
4500 rpm for 10 minutes. Finally, it was washed three times with deionized water and then dried at
50°C for 24 hours. The as-synthesized products were ground and labelled as CaxAl-LDH (x is the
molar ratio of Ca** and AI**, x = 2, 3 and 4).

Table 1. The code of samples.

Sample codes The molar ratio of Ca**/AI** Organic precursors

Ca2Al-LDH 2:1 -

Ca3AIl-LDH 31 -

Ca4Al-LDH 4:1 -

Ca2Al/Indigo 2:1 indigo carmine

Ca3Al/Indigo 3:1 indigo carmine

CadAl/Indigo 4:1 indigo carmine
Ca2Al/SDS/Indigo | 2:1 sodium dodecyl sulphate and indigo carmine
Ca3Al/SDS/Indigo | 3:1 sodium dodecyl sulphate and indigo carmine
CadAl/SDS/Indigo | 4:1 sodium dodecyl sulphate and indigo carmine
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2.2.2. Preparation of organic dye-modified CaAl-LDH, CaAl/Indigo and
CaAl/SDS/Indigo

The CaxAl/Indigo and CaxAl/SDS/Indigo were prepared by the coprecipitation method as
described above with some modification. In brief, for CaxAl/SDS/Indigo, the mixed metal solution
containing Ca?* and AI** was prepared by dissolving CaCl,-2H,0 and AICI;-6H,0 in deionized
water and the final volume was then adjusted to 25.00 mL. Ten millilitres of a solution containing
0.25 x 10”® mole sodium dodecy! sulphate (SDS) was slowly added into the mixed metal solution
with continuous stirring. The obtained metal solution and NaOH solution (1.0 mol-L™) were
simultaneously added dropwise into 25.00 mL of 5.0 x 10° mole- L™ indigo carmine solution with
continuous stirring at room temperature. The final pH was adjusted to 11. The suspension was then
aged at room temperature for 24 hours. The precipitate was separated by centrifugation at 4500
rpm for 10 minutes. Finally, it was washed three times with deionized water and then dried at
50°C for 24 hours. The as-synthesized products were ground and labelled as CaxAl/SDS/Indigo (X
is the molar ratio of Ca** and AI**, x = 2, 3 and 4).

The CaxAl/lndigo samples were prepared in a similar manner to those of
CaxAl/SDS/Indigo in the absence of the SDS solution.

2.3. Characterization of indigo-intercalated calcium-aluminum layer double
hydroxide

The XRD patterns of all samples were collected with a Bruker D8 ADVANCE X-ray
diffractometer in the 26 range of 5 - 70 degrees with Cu Ko radiation operating at 35kV and 30
mA. The TESCAN MIRA3 FE-SEM was used to explore the morphology of the as-synthesized
samples. Fourier transform infrared (FTIR) spectra were obtained with a Perkin Elmer Frontier™
FT-IR Spectrometer with attenuated total reflection (ATR). Ultraviolet-visible (UV-Vis) spectra
were recorded on an Agilent Cary 60 UV-Vis Spectrophotometer in the range 360-820 nm. The
L*a*b* and color difference (AE) of the as-synthesized materials aged under UV light were
measured in terms of CIE 1976 L*a*b* using a Cary 60 UV-Vis Spectrophotometer with a remote
fiber optic diffuse reflectance accessory (DRA). The color difference (AE) was calculated using
the formula (1) [1]:

AE = VAL*2 + Aa*? + Ab*2 )

where AL" is the level of lightness or darkness, Aa” is the relationship between redness and
greenness, and Ab is the relationship between blueness and yellowness

2.4. Toxicity test of CaAl-SDS-LDH/Indigo carmine

2.4.1. Cell Culture

Gingival fibroblasts (GF) was obtained from explant cultures of human gingival tissue. GF
cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM; GIBCO) containing
nonessential amino acids, penicillin-streptomycin (as above), Fungizone (0.5 g/mL), and 10% fetal
bovine serum (FBS; Atlanta Biological). These tissues were incubated undisturbed for a week at
37°C, in humidified 95% air/5% CO,, according to standard techniques, after which time the
gingival fibroblasts were visible as outgrowths from the explanted tissue.

2.4.2. Cell viability assay

Cell viability was determined by the 3-(4, 5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay. GF cells were seeded in 96-well plates, medium in excess of 100 pL/well
was removed, and 25 pL of MTT dye (5 pg/mL) in sterile phosphate-buffered saline (PBS) was
added to each well. The plates were incubated for 3 h, during which time the mitochondria in the
living cells converted the soluble yellow dye into an insoluble purple crystal. Th cells and dye
were then solubilized by the addition of 10% sodium dodecyl sulfate (SDS) in 25% N,N-
dimethylformamide, pH 3.6. The optical density of each well at 562 nm was determined by a
microplate reader. Cell viability was then calculated using the following equation (2) [16]:

Cell viability % = (As / Acontror) X 100 @)
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where A is the absorbance of cells treated under various conditions and Aol IS the absorbance
of the cells in the standard medium.

4. Results and Discussion

4.1. Characterizations of indigo carmine-modified calcium-aluminum layer double

hydroxide

Figure 2 shows the XRD patterns of Ca2Al-LDH, Ca3Al-LDH, and Ca4AI-LDH. It can be
seen that, for all samples, the characteristic peaks of hydrocalumite (JCPDS 78-1219) were clearly
observed at 26 of about 13, 22, 23, 32 and 56 degrees [17]. However, the impurity phases of
CaCO; (JCPDS No. 05-0586) and Al(OH); (JCPDS No. 24-0006) were also found in all samples.
This could be due to the carbonate contamination caused by carbon dioxide in the air during
preparation. With a low molar ratio of Ca*/AI**, the hydrocalumite phase became less
predominant, and the crystal sizes became smaller, consistent with the low intensities of (00I)
reflections.

The XRD patterns of CaAl/Indigo and CaAl/SDS/Indigo are illustrated Figure 3. The
characteristic reflections of hydrocalumite were found in all materials. The (00I) basal reflections
of all samples were found at the same position with pristine CaAl-LDHSs. This indicated that the
organic counterparts could not intercalate into the interlayer of CaAl-LDHs and were bound at the
surface of CaAl-LDHs instead. For the samples Ca2Al/Indigo, Ca3Al/Indigo, and Ca4Al/Indigo
(Fig. 3 a-c), the intensity of (00I) peaks decreased with increasing molar ratios of Ca?*/AI**. This
was due to the fact that the higher layer charges led to stronger attraction forces between the layer
cations and the interlayer anions resulting in a better arrangement of the interlayer anions and a
higher degree of crystallinity in the materials. With decreasing layer charges (increasing molar
ratio of Ca?*/AI*"), the arrangement of the interlayer anions became less predominant resulting in a
lower degree of crystallinity.

This result is in good agreement with previous reports [18, 19]. The XRD patterns of
Ca2Al/SDS/Indigo, Ca3Al/SDS/Indigo and Ca4Al/SDS/Indigo (Fig. 3(e) — (f)) showed that the
predominant phase was hydrocalumite with a small amount of CaCO;z; impurity phase. This is
obviously evident that the co-existence of indigo carmine dye and dodecyl sulphate ions in
solution during the formation of CaAl-LDHs could provide the optimum environment for growing
up the double layer of CaAl-LDHs, and the presence of SDS could prevent the formation of the
impurity phases of CaCOj3; and AI(OH); phases.

S sz . + Al(OH),
S gz ¢ 4 CaCO,
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Fig. 2. XRD patterns of (a) Ca,Al-LDH, (b) CasAl-LDH and (c) Ca,Al-LDH.

The SEM images of Ca,Al-LDH, CazAl-LDH and Ca,Al-LDH (Fig. 4) showed a plate-
like structure with loose packing. While CaAl-LDHs were plate-like particles, the indigo carmine
powder (Fig. 4d) was found to be bulk and dense particles. Comparing to the bare CaAl-LDHs, the
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particle sizes of the organic modified CaAl-LDHs (Fig. 5) were larger with looser staking. The
reason behind this could be that the indigo carmine and SDS could bind to the CaAl-LDHs surface
and then restricted the assemble of LDH plates. This evidence supported the XRD results. Among
all samples, Ca2Al/SDS/Indigo (Fig. 5d) exhibited the smallest lateral size of plate-like particles
resulting in a highest surface area.
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Fig. 3. XRD patterns of (a) Ca2Al/Indigo, (b) Ca3Al/Indigo, (c) CadAl/Indigo, (d) Ca2Al/SDS/Indigo,
(e) Ca3Al/SDS/Indigo, (f) Ca4Al/SDS/Indigo.

X ‘
O
A
. S
x o r . () v . L o «,\}; o
o e LA, A&y I 3N '
’ & o : < TN : ) O S
SEM HV: 5.0 kV WD: 5.02 mm MIRA3 TESCAN  SEM HV: 20,0 kv WD: 4.91 mm | | | | | |MIRA3 TESCAN
View field: 3.19 pm Det: In-Beam SE 1pm

View field: 3.19 ym Det: In-Beam SE
x SEM MAG: 65.0 kx i1 Silpakorn University

A
X oy !
SEM HV: 20.0 kV WD: 5.05 mm MIRA3 TESCAN SEM HV: 10.0 kV WD: 4.98 mm | | MIRA3 TESCAN|

View field: 3.19 ym Det: In-Beam SE 1pm View field: 6.92 ym Det: SE 2pm
SEM MAG: 65.0 kx BI: 1.00 Silpakorn University SEM MAG: 30.0 kx BI: 8.00 Silpakorn University

Fig. 4. SEM images of (a) Ca,Al-LDH, (b) CasAl-LDH, (c) Ca,Al-LDH and (d) Indigo carmine powder.
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Fig. 5. SEM images of (a) Ca2Al/Indigo, (b) Ca3Al/Indigo, (c) Ca4Al/Indigo, (d) Ca2Al/SDS/Indigo,
(e) Ca3Al/SDS/Indigo, (f) Ca4Al/SDS/Indigo.

The FT-IR spectra of the CaAl-LDHs (Fig. 6) showed the O-H stretching of the
intercalated water and the surface hydroxyl groups of LDHs at 1639 cm™and 3449 cm™. The M-
OH stretching of LDHs was found at 495 cm™. Moreover, the C-O stretchings of intercalated
carbonate anions were observed at 1018 cm™ and 1419 cm™. The FT-IR spectra of the organic
modified-LDHs are illustrated in Figure 7. For CaAl/Indigo samples (Fig. 7 (a) — (c)), the
characteristic peaks of both CaAl-LDH and indigo carmine dye were clearly observed in their
spectra. The additional band at 1613 cm™ was attributed to the C=C stretching of the benzene ring
of indigo carmine [20, 21]. For the CaAl/SDS/Indigo materials, the characteristic bands of both
were still evident. Furthermore, the addition peaks of SDS were found at 2920 and 2850 cm™
which were assigned to the C — H stretching and those at 1214 and 1063 cm™ were attributed to the
S — O stretching. The S — O peaks shifted to a lower wavenumber compared with those of pure
SDS. The results suggested that there was interaction between the sulfate groups and the LDH
surface [22-24].
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Fig. 6. FT-IR spectra of (a) Ca,Al-LDH, (b) CazAl-LDH and (c) CasAl-LDH.
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Fig. 7. FT-IR spectra of (a) Ca2Al/Indigo, (b) Ca3Al/Indigo, (c) Ca4Al/Indigo, (d) Ca2Al/SDS/Indigo,
(e) Ca3Al/SDS/Indigo, (f) Ca4Al/SDS/Indigo.

4.2. Optical properties

Figure 8 illustrates the absorption spectra of various organic modified CaAl-LDHs with
different Ca®*/AI** ions ratios. The absorption spectrum of pure Indigo carmine (IC) shows broad
absorption over the visible range which corresponds to its visual color of dark blue. All the
CaAl/Indigo and CaAl/SDS/Indigo samples exhibited the maximum absorption at approximately
610 nm which were attributed to the n — z* transition of the chromophore centers from indigo
carmine [25]. The color coordinates of the CaAl/Indigo and CaAl/SDS/Indigo (Table 2)
demonstrated that the color of the hybrid pigments was blue. The results revealed that the
Ca2Al/SDS/Indigo sample exhibited the most intense blue color due to its microstructure.
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Fig. 8. UV-vis spectra of Indigo carmine and organic modified CaAl-LDHs.



Table 2. The L*, a* and b* parameters of CaAl-SDS-LDH/Indigo carmine samples.

LDH Samples L* a* b*
Ca2Al-LDH 122.28 -0.29 4.57
Ca2Al/Indigo 45.67 -10.95 -36.87
Ca2Al/SDS/Indigo 31.89 -7.84 -33.99
Ca3AIl-LDH 123.84 -0.79 4.29
Ca3Al/Indigo 40.22 -7.34 -36.28
Ca3Al/SDS/Indigo 50.06 -14.09 -38.51
Ca4Al-LDH 122.32 -0.64 5.59
Ca4Al/Indigo 36.60 -7.41 -35.53
Ca4Al/SDS/Indigo 46.50 -10.49 -33.31

4.3. Photostability of samples
Powdered samples of the CaAl/Indigo and CaAl/SDS/Indigo were photoaged in a UV

photoaging instrument.
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Figures 9-10 represent the durability of the above samples against UV irradiation up to
240 h. Accordingly, this study represents high photo-stability. This result suggested that the indigo
carmine dye could be protected by the CaAl-LDH sheets from photodegradation. These hybrids
CaAl/Indigo and CaAl/SDS/Indigo samples can be considered to be good candidates for colorant

hybrid materials.

Ca3Al/SDS/Indigo

Fig. 9. Photograph of CaAl/Indigo and CaAl/SDS/Indigo under UV irradiation.
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The AE values of the irradiated CaAl/Indigo and CaAl/SDS/Indigo samples (Fig. 11) were
measured up to a total exposure time of 240 h. The AE value of the indigo carmine dye changed
from 4 to 7 for the CaAl/Indigo and value from 3 to 5 for CaAl/SDS/Indigo samples. The results
showed that SDS can reduce the photodegradation of indigo carmine dye by UV radiation.

a ndigo a ndigo
Ca2AlIndig a Ca3AlIndig
60 60
L, 40 P— L 40
) @
220 220
f: 0 —o-L* f: 0 o
& 20 -t =0 o
= 10 1 b* = 40 b
_60||||||||||| rTrrrrrrrrrT] -60IIIIIIIIIIII rrorerrTTTT
0 50 100 150 200 250 0 50 100 150 200 250
Time (hour) Time (hour)
CadAl/Indigo C) Ca2Al/SDS/Indigo d)
%
2
g
¥ —o—L*
)
® - ——a*
*
- b*
0 50 100 150 200 250 0 50 100 150 200 250
Time (hour) Time (hour)
Ca3Al/SDS/Indigo e) Ca4Al/SDS/Indigo f)
60
L 40
7
=20
g
« 0 —--L*
f w*
=20 -
= 40 b
-60! T T T LI I B e e e | -60|llllllll'lllll|l|ll|llll|
0 50 100 150 200 250 0 50 100 150 200 250
Time (hour) Time (hour)

Fig. 10. Stability test of organic modified CaAl-LDHs under UV irradiation.
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Fig. 11. Color difference (AE) values for (a) CaAl/lndigo and (b) CaAl/SDS/Indigo samples as a function
of UV aging time.

4.4. Cytotoxicity

The cytotoxicity to GF cells at CaAl-LDH, CaAl/Indigo and CaAl/SDS/Indigo
concentrations of 10 - 1000 pg/mL was also examined via the MTT assay. As shown in Figure 12,
the cell viabilities of the CaAl-LDH and CaAl/Indigo in the test range were all above 90% at 10-
1000 pug/mL while those of the CaAl/SDS/Indigo were 20-60% at 500- 1000 pg/mL, suggesting
that these SDS incorporated CaAl-LDHs induced some cytotoxicity. As shown in Figure 9, LDH
nanoparticles exhibited no toxicity even at 1000 ug/mL, indicating that LDH is biocompatible to
the GF cells.
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Fig. 12. Cytotoxicity test of (top) CaAl-LDHs, (middle) CaAl/Indigo and (bottom)
CaAl/SDS/Indigo samples.
Conclusions

CaAl/lndigo and CaAl/SDS/Indigo composites were successfully prepared by
precipitation of CaAl-LDHs in the solution containing indigo carmine dye and sodium dodecyl
sulphate. The FE-SEM images revealed that the CaAl/Indigo and CaAl/SDS/Indigo composites
had plate-like structure. XRD results showed that CaAl-LDHs were mainly composed of CaAl-
hydrotalcites structure. The FT-IR spectra exhibited the characteristic bands of indigo carmine dye
and sodium dodecyl sulphate and CaAl-hydrotalcites structure. The absorption spectra of the
CaAl/Indigo and CaAl/SDS/Indigo composites exhibited intense blue color. Furthermore, the
CaAl/Indigo and CaAl/SDS/Indigo composites exhibited high photo-stability under UV
irradiation. The cellular uptake tests showed that most CaAl/lndigo and CaAl/SDS/Indigo
composites possessed biocompatibility to the GF cells except the SDS modified CaAl-
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hydrotalcites structure. In conclusion, these hybrids CaAl/Indigo and CaAl/SDS/Indigo samples
can be considered good candidates for colorant hybrid materials.
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