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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• A cost-effective method based on the 
detection of carminic acid using lead 
nitrate. 

• A rapid color change is observed which 
can be easily differentiated from the 
human eye. 

• Carminic acid can be detected with a 
LOD of 0.0025 mg mL− 1. 

• Applicable to the wide use of samples 
including food and the non-food items. 

• The structural study of Carminic acid- 
Pb2+ complexes was also studied.  
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A B S T R A C T   

Carminic Acid (CA), an insect-derived red color, is widely used as a colorant and additive in food and non-food 
items. The detection of CA is of great concern since it is unacceptable for vegetarians and vegans consumers. 
Therefore, it is important for food authorities to have a rapid detection method for CA. We describe here a simple 
and rapid method for the qualitative detection of CA, using Pb2+ for complex formation. As a result, the sample 
solution shows a visible change from pink to purple (bathochromic shift) which could also be analyzed through a 
spectrophotometer at λmax = 605 nm. The structure of the CA-Pb2+ complex was also studied through advanced 
spectroscopic techniques. Moreover, the presence of iron results in the formation of a stable CA-Fe2+ complex 
without any significant color change, as Fe2+ has a stronger binding affinity with CA. Thus, sodium fluoride 
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(NaF) was used to prevent CA-Fe2+ complex formation. Therefore, two methods were developed based on the 
absence (method I) and presence (method II) of NaF. The LOD and LOQ for the method I was 0.0025 and 0.0076 
mg mL− 1, and for method II, values were 0.0136 and 0.0415 mg mL− 1, respectively. The methods were also 
validated by intra and inter-day analyses. A total of 45 commercials, including food and non-food samples, were 
screened for the detection of CA. The developed methods are applicable for the effective and rapid surveillance of 
CA in various samples without the use of high-tech instruments.   

1. Introduction 

Natural colors are broadly classified as plant, animal, and mineral 
colors, although plants are the major sources of natural color [1]. CA is 
an insect-based natural red colorant that can be extracted from the dried 
bodies of female Dactylopius coccus Costa insect species, commonly 
known as cochineal insects [2–4]. However, the use of color from insects 
is not allowed or acceptable by people of different faiths and lifestyles. 
[5]. As the European Union and the United States have restricted the use 
of synthetic colorants as food additives, the use of natural colorants, 
such as CA in the food industry has increased substantially. Currently, 
the main use of CA is in cosmetics, foods, pharmaceuticals, textile, and 
plastic industries. This dye is allowed in most of the different countries; 
with a food additive identification code of E-120 [6]. It has been used 
extensively in place of E122, E124, and E129 food colors. Food safety 
issues due to various colorants have become very common for example, 
by adding Sudan red and CA to paprika [7]. CA is routinely added to 
food products. However, its long-term intake is detrimental to human 
health as it may cause allergic reactions and even anaphylactic shock 
[8]. Food safety, therefore, involves strict monitoring such food addi
tives such as CA. 

Till now, several methods for the determination of CA in food sam
ples have been developed, including spectrophotometry [9,10], high- 
performance liquid chromatography [11,12], capillary electrophoresis 
[13,14], differential pulse polarography [8], and stripping voltammetry 
[15,16]. In addition to the analytical method, the extraction of the an
alyte is an important factor to avoid interfering species in food matrices. 
Several sample preparation methods for the detection of carmine/ CA 
are reported in the literature, including solid-phase extraction [17–19], 
liquid–liquid extraction [20], cloud point extraction [21,22], and 
ultrasonic-assisted extraction [9,23]. The diversity of the chemical 
classes of natural colors, the complexities of their structures, and the 
wide range of applications in foods and beverages present analytical 
challenges that in turn requires efficient and specific analytical pro
cedures. The development of efficient extraction procedures is neces
sary, especially as many of the natural coloring components are 
unstable, and require to separation of colors from the samples. Thus 
there is a continuous need for the development of a rapid, and inex
pensive method for the determination of CA in various samples. 

We here in reported a simple and rapid method for the detection of 
CA in both food and non-food samples without using a laborious and 
time-consuming extraction procedure and expensive instruments. It is 
based on visible color change using lead nitrate as a complex formation 
with CA. The above method has been successfully applied for the se
lective identification of CA. To the best of our knowledge, this is the first 
report on the identification of CA in food and non-food samples without 
applying any expensive extraction protocol and instrumental analysis. 

2. Materials and methods 

2.1. Chemicals and reagents 

CA 95.78% was purchased from Sigma–Aldrich (USA). All metal salts 
and other chemicals (95–98%), such as zinc sulfate, cobalt chloride, 
strontium chloride, sodium chloride, potassium chloride, nickel sulfate, 
vanadium sulfate, rhodium, iron sulfate, lead nitrate, magnesium chlo
ride, calcium chloride, copper chloride, tin chloride dehydrate, 

cadmium sulfate, sodium hydroxide, and hydrochloric acid were pur
chased from E. Merck (USA). Ultra-pure water was made available using 
the Direct 16 Milli-Q purification system (Millipore Co., USA). Other 10 
red dyes include Ponceau 4R (1), Allura red AC (2), Carmoisine (3), Acid 
Red 1 (4), Amaranth (5), Erythrosine B (6), Acid Red 14 (7), Direct Red 
17 (8), Ponceau SX (9) and Acid Red 92 (10) were purchased from 
Sigma–Aldrich (USA). 

2.2. Preparation of standard solution 

CA stock solution (2 mg mL− 1) was prepared in 10 mM HEPES buffer 
of pH = 7 and was stored in the dark at a low temperature (4 ◦C). 

2.3. Preparation of calibration curve solutions 

For the calibration curve, the stock solution of 2 mg mL− 1 of CA was 
diluted to a series of different concentrations (0.492, 0.369, 0.246, 
0.147, and 0.073 mg mL− 1). Similarly, the Pb2+ stock solution of 2 mg 
mL− 1 solution was diluted to a series of different Pb2+ concentrations 
(0.207, 0.155, 0.103, 0.062, 0.031 mg mL− 1). The same concentrations 
of CA and Pb2+ solutions were added in a mole ratio of 1:2. 

2.4. Preparation of metal ions solutions 

Stock aqueous solutions of all metal ions (2 mg mL− 1) were prepared 
in de-ionized water. To screen the formation of the complexes of CA with 
fifteen metals, the CA and metal ions solutions were mixed in a mole 
ratio of 1:2. The physical color change was observed before analyzing 
the sample. The solution was shaken properly then the spectrum was 
recorded on a U.V. visible spectrophotometer at room temperature. 

2.5. Preparation of buffer solutions 

Different buffer solutions (10 mM) of pH 4.0, 5.1, 6.0, 7.1, 8.0, 9.1, 
and 10.2 were prepared for the optimum pH experiment. 0.024 mg mL− 1 

CA was prepared in buffer tablets of pH 4, acetate buffer (pH 5), phos
phate buffer (pH 6), HEPES buffer (pH 7), tricine buffer (pH 8), borate 
buffer (pH 9), and ammonia buffer (pH 10). Each buffer solution was 
mixed with 0.020 mg mL− 1 Pb2+ aqueous solution in a 1:2 ratio for 
spectrophotometric analysis. 

2.6. Preparation of azo-dye solutions 

Stock solutions of azo-dyes (2 mg mL− 1) were prepared in HEPES 
buffer. The solutions were sonicated for 1 min and wrapped with 
aluminum foil to protect them from light. The stock solutions remained 
stable for approximately six months at a temperature of 4 ◦C. 

2.7. Sample collection and preparation 

A total of 45 samples of consumer goods were purchased from local 
supermarkets. These samples were categorized into three groups, i.e. 
foods (32), cosmetics (10), and pharmaceuticals (3). The samples were 
stored at 4 ◦C until processed for extraction of CA. To detect CA in 
samples, hydrolysis was performed with HCl to convert carmine into CA. 
Five gm of each sample was first mixed with 3 mL of HCl (2 M) for solid 
samples and 2 mL of HCl (2 M) for liquid samples, followed by 
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homogenization in an ultrasonic bath at room temperature. The ho
mogenized samples were placed in a water bath at 62 ◦C for 15–20 min. 
After that, the mixture was cooled, and the solution was centrifuged for 
10 min at 5000 rpm. NaF was added to a 4% aliquot of the sample, 
followed by pH 7 adjusted with 1 M NaOH. The lead paper strip was 
added to this solution, and the presence of CA was inferred from the 
color change, from pink to purple. 

Spiked samples for method validation were prepared similarly to the 
samples. The 300 µL of the sample plus an amount of standard solution, 
corresponding to spike concentrations of 0.135, 0.226, and 0.316 mg 
mL− 1, were diluted to a final volume of 1500 µL for each of three 
samples and labeled as SA1, SA2, and SA3, respectively. 

2.8. Spectrophotometric analysis 

All absorption spectra were recorded on a multimode reader spec
trophotometer (Synergy HTX Plate Reader-Agilent BioTek country). All 
samples were analyzed using round-bottom 96-well plates, and absor
bance was measured at a wavelength of 300 to 700 nm with increments 
of 05 nm. The radiation source was a xenon flash lamp. 

2.9. Synthesis and analysis of the complex 

CA (0.02 mmol) in HEPES buffer 1 mL of pH = 7 was mixed with a 
drop-wise aqueous solution of Pb(NO3)2 (0.02 mmol). The reaction 
mixture was stirred at room temperature for 30 min. The resulting 
precipitates were centrifuged for 10 min at 12,000 rpm. The supernatant 
was discarded and the precipitate was air-dried. 

Tandem mass spectra of CA and its complex were obtained using 
Bruker Amazon Speed Ion Trap Mass Spectrometer (Germany) in posi
tive ionization mode. The samples were directly introduced into the ion 
trap mass spectrometer with a flow rate of 5 μL/ min through a syringe 
pump. The electrospray voltage was set at 4.0 Kv, and the capillary 
temperature was set at 200 ◦C. The mass range was between m/z 50 to 
2000. Nuclear Magnetic Resonance (NMR) spectra were recorded in 
DMSO‑d6 as a solvent on Bruker Aspect AM 500 and AM 600 NMR 
spectrometers (Switzerland). The chemical shifts (δ) are in ppm, and the 
coupling constant (J) is in Hz. Spectra Fourier-transform infrared spec
troscopy (FT-IR) were recorded by using a TENSCO II (Bruker, Germany) 
instrument equipped with an ATR single reflection diamond, in the 
range of 4000–500 cm− 1 with 32 scans at a resolution of 4 cm− 1. 

2.10. Density functional theory calculations 

Different metal–ligand complexes were formed between lead ion 
(Pb2+) and CA (CA) and optimized at the density functional theory 
(DFT) level using B3LYP functionals and Los Alamos National Labora
tory 2 double zeta (LANL2DZ) basis set with effective core potential 
(ECP) basis set for lead atom. 6-31G (d,p) basis sets were used for non- 
metals in the gas phase and the continuum solvent [24–27]. All the 
optimization calculations were performed using Gaussian 0.9 [28]. The 
strength of metal–ligand complexes was estimated in terms of interac
tion energy calculated between Pb2+ and CA in different metal-to-ligand 
ratios using the following equation. 

EInt = EAB − EA − EB 

Where EInt is the interaction energy of any complex between any two 
molecules A and B which is calculated as the energy difference between 
the complex and the separately calculated energies as EA and EB for each 
components A and B. 

3. Results and discussion 

3.1. Screening of different metals with CA 

To study the complex formation of CA with fifteen different metals, 

the metal solutions were mixed with 50 µL of CA in a mole ratio of 1:1, 
2:1, and 1:2. The visible color change from pink to purple was observed 
only upon the mixing of Pb2+ with CA. The absorption spectra were 
recorded at room temperature. The maximum absorbance of CA was at a 
wavelength of 527 nm, and with a shoulder at 580 nm, as illustrated 
(Fig. 1A). The absorption spectra revealed a decrease in the absorption 
at a wavelength of 527 nm, while the band increases at the wavelength 
of 558 nm. The appearance of a (bathochromic) red-shift band was 
centered at a wavelength of 605 nm. On the other hand, no other metal 
ions exhibited significant color differences and spectral changes. How
ever, the addition of Mg2+, Ca2+, Cd2+, Cu2+, and Sn2+ showed hypo
chromic or hyperchromic effects in the absorption spectra, but no 
significant change in color was observed in these solutions. The color 
changes after the addition of various metal ions as shown in Fig. 1B. 
Among these metals, Fe2+ forms a complex with CA appeared at λmax =

540 nm, but no significant color change was observed. This indicates 
that the Pb2+ ion changes color due to the formation of the complex can 
be used for CA determination. Such studies have been reported previ
ously about the chelation of CA with various metal ions to form metal 
complexes at different pH [9]. 

3.2. pH studies for the complex of CA with Pb2+

The effect of pH on the complex formation between CA and Pb2+ was 
also studied in an aqueous solution at pH ranges of 4 to 10. In the 
presence of the two-mole ratio of Pb2+ with CA, the absorption band at 
wavelength 605 was observed in between pH 7 to 9. It exhibited a 
maximum absorption at pH 7.0, as shown in Fig. 2. Remarkably, no 
binding interaction between CA and Pb2+ was observed at highly basic 
pH and acidic in conditions. Above pH 10 and below pH 6, no change in 
color was observed. The formation of the CA-Pb2+ complex and color 
development is significantly influenced by the pH. When the pH is below 
7, the CA molecule exists predominantly in its protonated form, which 
hinders the formation of the CA-Pb2+ complex and color change. In 
contrast, when the pH is at 7, CA is mostly in its deprotonated form, 
allowing it to bind more effectively with Pb2+ ions and formed a color 
complex. Therefore, pH control is critical in the formation of the CA- 

Fig. 1. A) Absorption spectra of CA in the presence of different metal ions in a 
mole ratio 1:2. Photograph showing the color change of CA (left) and in the 
presence of Pb2+ (right). B) Color changes of the CA after the addition of 
various metal ions in a mole ratio of 1:2. 
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Pb2+ complex and color development. In this method, HEPES buffer pH 
7.0 was selected. This buffer with an ampholyte zwitter ionic structure 
provides a comprehensive range of buffering capacity. A HEPES is 
binding affinity to metal ions is almost negligible. The CA complexation 
with various metals at different pH is previously reported [11,29]. At pH 
5.8, a CA-copper complex is formed [30]. Similarly, gallium also form a 
stable complex with CA at pH 4.0 [31]. 

3.3. Effect of other dyes in complex formation 

We also studied the effect of the other 10 red dyes using the same 
method. Each dye was dissolved in the HEPES buffer individually. The 
absorption spectra of dyes showed maximum absorption at 430 nm, and 
with a shoulder at 590 nm as shown in Fig. 3A. These were added to the 
Pb2+ solutions in a molar ratio of 1:2 (Fig. 3B). However, the visible 

color change was not observed, except for CA. The optical images of 10 
dyes after the addition of various metal ions are provided in (Fig. S1). 
Based on the screening of absorbance, no single dye formed a complex 
except CA with Pb2+ at 605 nm (Fig. S2). All other dyes were further 
complexed with other metal solutions as well. The absorption spectra of 
dye 6 showed that only rhodium metal formed a complex at 510 nm 
(Fig. S3A), and dye 8 formed complexes with copper at 550 nm 
(Fig. S3B). None of these complexes showed visible color change and 
interfered with the CA-Pb2+ complex. 

Moreover, a mixture of azo dyes was also mixed with various con
centrations of CA to evaluate the linearity of CA-Pb2+ complex forma
tions in the presence of the other red dyes. The mixture of dyes 
(Erythrosine B, Acid Red 1, Allura Red AC, and Ponceau 4R) was pre
pared along with a CA solution of 1 to 90% and the Pb2+ solution was 
prepared in a similar manner. The sample of dyes mixtures without Pb2+

was examined and the result showed that all the dyes in the mixture 
showed maximum absorptions between 450 and 550 nm (Fig. S4A). The 
lead solution was added to the dye mixture with the same percentage. 
The result showed that only CA formed a complex with Pb2+ at 605 nm. 
It was observed that the intensity of complex formation increases with 
an increase in the percentage of CA and Pb2+ solution (Fig. S4B). 

3.4. Method performance and validation 

To find out the detection limit for CA and Pb2+ complex in HEPES 
buffer (pH = 7), a calibration curve was drawn by using the absorbance 
at 605 nm of the complex versus corresponding concentrations. Two 
methods were developed without NaF (method I) and with NaF (method 
II). Linear calibration curves were obtained with excellent correlation 
coefficients ≥ 0.9995 and ≥ 0.9901 without and with NaF, respectively. 
The U.V–visible absorption spectra, calibration curve, and color images 
of the solution are illustrated (Fig. 4). The limit-of-detection (LOD) and 
limit-of-quantification (LOQ) were calculated from the regression 
equation of the standard curve using the standard deviation of the 
intercept and slope. The LOD and LOQ for the methods I & II were found 
to be 0.0025 and 0.0076 mg mL− 1 and 0.0136 and 0.0415 mg mL− 1, 
respectively (Table 2). This indicated excellent sensitivity and selec
tivity. Intra and inter-day precisions and accuracy of the methods were 
expressed as %RSD percent relative standard deviation (Table S1). The 
accuracy was obtained as %bias, while the precision of the method was 
obtained in terms of %RSD. In all cases, the accuracy of the method was 

Fig. 2. Absorbance spectrum at 605 nm of CA with Pb2+ in a mole ratio of 1:2 
at different pH values. 

Fig. 3. U.V. visible absorption spectra of dyes ( ) CA, ( ) Ponceau 4R, ( ) Allura Red AC, ( ) Carmoisine, ( ) Acid Red 1, ( ) Amaranth, ( ) Erythrosine B, ( ) 
Acid Red 14, ( ) Direct Red 17, ( ) Ponceau SX, ( ) Acid Red 92. (A) Without Pb2+ solution. (B) with the presence of Pb2+ solution in a mole ratio 1:2. 
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found to be > 95% while %RSD was lower than 9%. Method perfor
mance was also evaluated through recovery studies in spiked samples. A 
known amount of CA and Pb2+ were used with three concentrations of 
0.135, 0.226, and 0.316 mg mL− 1 for each sample and analyzed by U. 
V–visible spectrophotometer. 

The recovery value was in the range of 95.4 to 128% (on average) 
(Table S2). The recovery studies were also examined without and with 
the addition of NaF. As the recovery of the method was not very good 
with the addition of NaF, this shows that the matrix effect is very high in 
the sample. Therefore this method was not valid for the quantitative 
analysis of CA in food and non-food samples. 

3.5. Detection of CA in food and non-food samples 

CA detection in samples was challenging because the sample matrix 
can have a significant influence. The extraction procedure is an impor
tant factor to ensure that there are no interfering species in food 
matrices. The absorbance of the extracted CA from samples was recor
ded, and compared with a standard to confirm the presence of CA. For 
further verification, the UPLC profile was obtained to analyze the 
extraction of CA in samples, based on their retention time in comparison 
to the standard (Fig. S5). In this study, we developed a quick and simple 
method to detect CA in samples by using lead nitrate as a reagent for 

direct colorimetric CA detection. The paper strip approach was checked 
for the selective detection of CA in food and non-food samples. However, 
the majority of the previously described detection methods relied on 
instrumental analysis. Therefore, simple and instrument-free detection 
of CA in food matrices using color visualization was needed. The paper 
strip was prepared by dipping it in a lead nitrate solution (2 mg mL− 1) 
and drying it. As the prepared paper strip was dipped into the sample, 
the color change observed within 10 s on the paper strip, as well as the 
sample solution showed a visible color change from pink to purple due 
to the CA-Pb2+ complex formations (Fig. S6). This paper strip-based 
method will be further validated for commercial use. However, due to 
the interference of existing Fe2+/Fe3+ in the sample, the color intensity 
of CA significantly decreased in the sample solution consisting of Fe2+/ 
Fe3+. This suggests that an interference (Fe2+ and Fe3+) is due to the 
complex formation of CA and Fe2+ or Fe3+. As a result, false-negative 
results may appear. For that reason, experiments are also performed 
to find the interference of Fe2+ and Fe3+ during the formation of the CA- 
Pb2+ complex. The result of the experiment shows that Fe3+ didn’t 
interfere with the formation of the CA-Pb2+ complex, but Fe2+ interfered 
with the formation of the CA-Pb2+ complex. However, the interference 
from Fe2+ can be reduced by adding 4% NaF (600 µL) as a masking 
agent. NaF is an effective agent for masking and reducing the interfer
ence of Fe2+. The color images of the solution are given in (Fig. S7A & B) 

Fig. 4. Image of Calibration solutions of CA-Pb2+

complex in triplicates with increasing concentrations 
of 150–1000 mg/mL (150, 300, 500, 750, 1000 mg/ 
mL) A) Without NaF (Method I) and B) With NaF 
(Method II). Calibration curve absorption spectra of 
CA-Pb2+ complex with increasing concentration 
150–1000 mg/mL C) Without NaF (Method I) and D) 
With NaF (Method II). Calibration curve of CA-Pb2+

complex with concentration range 150–1000 mg/mL 
E) without NaF (Method I) and F) with NaF (Method 
II).   
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and U.V–visible absorption spectra are provided in (Fig. S8A & B). After 
the addition of NaF, the sample solution was maintained at pH = 7 by 
using 1 M NaOH solution. Then the lead solution was added to the 
sample, and absorbance was recorded. 

Several analytical methods have been reported to identify CA using 
different analytical techniques. However, simple and cost-effective 
detection of CA in various food and non-food matrices using color 
visualization is described by us. A comparison of the different reported 
methods with the current method is presented in Table 1. Our method is 
based on the complex formation, which shows a clear and visible color 

change in the presence of CA. This is therefore, a chemosensing 
approach for the rapid detection of CA. 

3.6. Characterization of CA-Pb2+ complex 

The complexation of CA with Pb2+ was previously reported with the 
CA to Pb+2 ratio of 1:2 [9]. In our case, a similar result was obtained 
from the Jobs plot. The Jobs method was implemented by maintaining 
the concentration of CA and Pb2+ at 0.0207 mg mL− 1, followed by the 
continuous variations in the molar ratio of CA and Pb2+. During the 
experiment, the absorbance was recorded at each point of the mole ratio, 
and the maximum absorption was reached when the molar fraction of 
CA was close to 0.35 (Fig. S9). Based on the Jobs plot, the binding 
stoichiometry was thus evaluated as 1:2 between CA and Pb2+. 

A comparison of the IR spectra of the CA-Pb2+ complex and CA 
helped to reveal a few significant differences due to the coordination of 
Pb2+ with CA (Table S3). In the FT-IR spectrum of CA, a characteristic 
peak at 1705 cm− 1 corresponded to the carboxylic functionality, which 
disappeared due to the coordination of the hydroxyl group of carbox
ylate with the Pb2+ ion (Fig. S10). The peaks for the C = O and C = C 
stretching’s was CA at 1608 and 1567 cm− 1 changed to broad bands in 
the complex which indicates the participation of the oxygen of the 
carbonyl groups in metal binding. The peaks between 1428 and 1000 
cm− 1 corresponded to the stretching and bending vibrations of the C–C, 

Table 1 
Comparison of the previously reported methods of carmine/ CA detection in samples.  

S. 
No 

Samples Method Method validation Recovery 
(%) 

Reference 

LOD  LOQ  LR  RSD (%) 

1 Food samples UHPLC-Q/ Orbitrap MS 0.00 
mg kg− 1 

0.01 
mg kg− 1 

0.01–10 
mg kg− 1 

4.80–5.20 – [34] 

2 Fresh meat/meat products HPLC-UV-DAD 33.8 ±
2.2 

mg kg− 1 

7.8 
mg kg− 1 

– – 96.40–8.20 [35] 

3 Food samples Spectrophotometry 0.40 
μg L-1 

– 1.50–350 
μg L-1 

3.70 94.80–104.7   [23] 

4 Lipstick products RP-HPLC-PDA 6.42 
ng mL− 1 

21.78 
ng 

mL− 1 

1.00 
ng mL− 1 

1.25 80–90 [36] 

5 Candies U.V/ Surface-enhanced Raman 
scattering 

0.25 
μg mL− 1 

0.5 
μg mL− 1 

0.50–100 
μg mL− 1 

– – [10] 

6 Saffron samples FT-IR/ UV–Visible/ 
RP-HPLC-DAD 

0.03 
μg mL− 1 

0.10 
μg mL− 1 

0.01–5.00 
μg mL− 1 

2.80–6.80 96–101 [37] 

7 Meat products IC-ELISA 1 
mg kg− 1 

0.05 
mg kg− 1 

– – 79.1–103.1 [38] 

8 Vitamin samples RP-HPLC-DAD 2.40 
μg mL− 1 

7.99 
μg mL− 1 

– 2.42 – [39] 

9 Foodstuffs Spectrophotometry/ Cloud 
Point Extraction 

0.012 
mg L-1 

0.04 
mg L-1 

0.04–5.00 
mg L-1 

4.80 100.00 [40] 

10 Wine and Soft drink UFLC–MS/MS 1.00 
μg L-1 

3.33 
μg L-1 

5.00–1000 
μg L-1 

1.90–4.60 88–96.60 [41] 

11 Candy and milk Differential pulse polarography 0.18 
mg L-1 

0.16 
mg L-1 

1.1–100.5 
mg L-1 

7.00 95.00 [8] 

12 Different samples 
(food, meat, chol, veg) 

HPLC 0.40 
μg mL− 1 

1.00 
μg mL− 1 

1.00–100 
μg mL− 1 

2.80–6.80 90–96 [12] 

13 Soft drink HPLC/ 
ESI-MS/MS 

0.003 
mg L-1 

– 0.01–0.50 
mg L-1 

6.10 92.10 [42] 

14 Ice cream and soft drinks Square-wave adsorptive 
stripping voltammetry 

0.01 
mg L-1 

– 0.05–0.14 
mg L-1 

2.20 97.20 [15] 

15 Different food and non-food samples (color 
beverages, jellies, candies, lipstick etc) 

Spectrophotometry a) 
0.0025 

mg 
mL− 1 

b) 
0.0136 

mg 
mL− 1 

a) 
0.0076 

mg 
mL− 1 

b) 
0.0415 

mg 
mL− 1 

a) 
0.073–0.492 

mg mL− 1 

b) 
0.031–0.207 

mg mL− 1 

a) 
0.1–2.70 

b) 
0.0–9.90 

a) 95–99.3 
b) 107–128 

The current 
method 

aWithout NaF (Method I). 
bWith NaF (Method II). 

Table 2 
Summary of calibration curve of CA-Pb2+ complex, limit-of-detection (LOD), 
and limit of quantification (LOQ) for the optimized method.  

Wavelength 
(λnm) 

Linear 
calibration 

range 
(mg mL¡1) 

Regression 
equation 

R2 LOD 
(mg 

mL¡1) 

LOQ 
(mg 

mL¡1) 

605 a) 
0.073–0.492 

y = 0.0024x 
+ 0.801 

0.9995 0.0025 0.0076 

605 b) 
0.031–0.207 

y = 0.0028x 
+ 1.0762 

0.9901 0.0136 0.0415 

aWithout NaF (Method I). 
bWith NaF (Method II). 
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C-OH, and C–H bonds of CA [32] which appeared in different shapes in 
the CA-Pb2+ complex. Moreover, the absorption peak at 722 cm− 1 due to 
the Pb–O bond in the complex, was not present in CA. The IR data 
provided key information about Pb2+ binding to CA, based on the 
perturbation of IR peaks of different functional groups, after the metal 
complexation of CA. 

Based on the mass spectrum, it was inferred that the ratio of CA to 
Pb2+ in the complexes was either 1:1 or 2:1. Since there was no crystal 
formation in the complex, information obtained from the mass spectrum 
was crucial. The pseudo molecular ion of CA was at m/z = 493.38 
(Fig. S11), while the complexes of CA-Pb2+ produced ions at m/z =
699.8 and 1191.2 which correspond to the 1:1 and 2:1 CA-Pb2+ com
plexes of CA with Pb2+, respectively (Fig. S12). As suggested by the Jobs 
plot, the CA-Pb2+ complex in the ratio of 1:2 was not observed in the 
mass spectrum which could be attributed to its instability in the ESI-MS 
gas phase. 

To establish the correct structure of the CA-Pb2+ complexes, the 1H 
NMR spectra were recorded (Fig. S13 A & B). For instance, the chemical 
shift of 1-OH in CA at δ 14.59 invariably appeared slightly downfield 
(Table S4). This indicated the interaction of CA with Pb2+ via the proton 
of 1-OH by coordination through an oxygen atom. On the other hand, 
the signals of the hydroxyl group of carboxylic acid that was indicated to 
be involved in the coordination with the Pb2+ ion did not appear in the 
1H NMR spectrum due to the fast exchangeable proton, whereas the 
protons of other hydroxyl groups remained intact after complexation. 
The rest of the signals of the complex were slightly shifted as compared 
to CA due to the conjugation effect between CA and Pb2+. 

The spectroscopic data suggested that different CA-Pb2+ complexes 
could exist in the solution in different ratios. This also proposed the 
structures of CA-Pb2+ complexes (Fig. S14) in different ratios. Therefore, 
the stability of different complexes between Pb2+ ions and CA was 
studied using the density functional theory method. The interaction 
energies of the different complexes are presented in Table S4. In the case 
of the 1:1 complex the OH-1 is involved in chelation with a metal ion, 
and the carbonyl group of the quinone ring was estimated to be the most 
stable as deduced from the energy value as compared to the other two 
possible 1:1 CA-Pb2+ complexes. The stability of the 2:1 CA-Pb2+ com
plex was evaluated in terms of interaction energy. Based on the coor
dination mode, two forms, i.e. cis and trans complexes, were suggested, 
in which the trans-isomer was found to be slightly more stable than the 
cis-isomer. Afterward, the interaction energies were calculated for the 
1:2 CA-Pb2+ complex as deduced by the Jobs plot, and three possible 
structures were proposed (Table S5). Among them, the CA-Pb2+ complex 

in which the metal ions were coordinated to the carboxylic acid group 
and OH-3, and carbonyl of quinone ring and OH-8, was found to be the 
most stable as compared to the other two 1:2 complexes. It was signif
icant that the stability of these three complexes was obtained after 
including the solvent effect as the water in the polarizable continuum 
solvent (PCM) model stabilized the complexes. Interestingly the corre
sponding complexes were not obtained from the DFT calculations in the 
gas phase. 

An overall structure elucidation of the CA-Pb2+ complexes in 
different ratios revealed that the coordination mode of Pb2+ ion to CA 
varies in the solution but the stability of the complexes is governed by 
the conformation of the CA which encompasses all possible positions of 
the molecule and thus help to chelate the metal ion in different ratios. 
Comparing the geometric configuration of the 1:2 CA-Pb2+ complexes, 
as suggested by the Jobs plot, the relative stability of the complexes was 
explained by examining their geometric configuration. Fig. 5 illustrates 
the optimized structure of the CA-Pb2+ complexes A and B in which the 
coordination modes of the metal ions were shown. The complex B was 
expected to be more stable than complex A as the 1H NMR spectrum of 
the CA-Pb2+ complex showed the change in the chemical shift of OH-1 
when compared to the spectrum of the CA. Looking at the DFT- 
optimized structure it can be seen that the metal ion near the OH-1 
was out of the plane of the ring, thus indicating the lower stability of 
complex A. On the other hand, complex B having the metal ions was 
coordinated by the OH-5 and carboxylate group, and both the metal 
ions, in particular the one near the OH-5 were co-linear with the coor
dinating –OH group along with the carbonyl group of quinone. More
over, the coordination distance between the two –OH groups (OH-1 and 
OH-5) and the Pb2+ ion was different, as the distance between OH-1 and 
Pb2+ in complex A was larger than that of OH-5 with Pb2+ in complex B. 
This difference was due to the size of the Pb2+ ion which was too large to 
be accommodated between the ligand groups in complex B along with 
the Pb2+ ion that was already coordinated by the carboxylate group. 
This resulted in the out-of-plane arrangement of the Pb2+ ion near OH-1. 
On the other hand, the metal ion, for instance, Al3+ of the same group 
was reported to be chelated by different functional groups of CA, 
including OH-1 [33]. However, the 2:1 CA-Al3+ and 1:2 CA-Al3+ com
plexes were proposed to OH-5 coordinated with the Al+3 ion. Therefore, 
in the case of Pb2+, it was established by the DFT calculation that the 
coordination of the OH-5 group with Pb2+ produced stable CA-Pb2+

complexes. 

Fig. 5. DFT-optimized structure of 1:2 CA-Pb2+ complexed (A) and (B).  
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4. Conclusion 

The method reported here is cost-effective and reliable for the 
qualitative detection of carminic acid (CA) in various food and non-food 
samples. The CA detection is based on the complexation of CA with Pb2+

by visible color change instead of using sophisticated scientific in
struments. Furthermore, spectral characterization and DFT calculations 
have suggested the complexation of CA with Pb2+ with a stoichiometry 
ratio of 1:2. Moreover, the CA-Pb2+ complex was formed at neutral pH; 
therefore, it has broad applications in different fields, such as food, 
cosmetics, and pharmaceuticals. 
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