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Abstract: Recent years, research on the detection of heavy metals in Traditional Chinese Medicine
(TCM) by laser induced breakdown spectroscopy (LIBS) have gradually increased. Current main
methods of establishing calibration curve are based on grounding and pelleting of the tested samples.
Although compared to digested samples, grounding and pelleting of the sample is already quite
simple, it cannot fully reflect the advantages of LIBS: rapid analysis, and, also, the uneven distribution
of heavy metals in the TCM is ignored. In order to avoid grinding and pelleting sample to be tested,
and to achieve microdamage quantitative analysis by LIBS, this article presents a new method for
establishing calibration curve. The experiment in this paper based on a study with Cd and Pb in
leaves of laurel. The preparation of calibration samples and the establishment of calibration methods
for microdamage quantitative analysis were presented, which proved the feasibility of microdamage
quantitative analysis by LIBS. The square of the linear relationship coefficient R of Pb was higher than
0.82. This method provides a guiding method for the rapid quantitative analysis of heavy metals in
TCM by LIBS.

Keywords: LIBS; microdamage quantitative analysis; traditional Chinese medicine; Cd; Pb

1. Introduction

There have been many research studies on the detection of heavy metals in traditional
Chinese medicine (TCM) by laser induced breakdown spectroscopy (LIBS). Cao et al.
reviewed the principle, device and pharmaceutical applications of LIBS [1]. Compared
with traditional methods such as inductively coupled plasma mass spectrometry (ICP-
MS), atomic absorption spectrometry (AAS), atomic emission spectrometry (AES) and
electrochemical (EC), LIBS technology has unique advantages in heavy metal: simple
sample preparation, rapid detection, simultaneous detection of multiple elements, no
secondary pollution, detection in harsh and extreme environments and so on [2]. Zhang
et al. qualitatively analyzed the variation of iron spectral of Chinese yam before and after
sample pretreatment, and the results showed that the intensity of Fe was improved after
grinding and pelleting [3]. Li et al. proved that LIBS had great potential for applications
in rapid identification of tobacco [4]. M. Galiová et al. applied LIBS and laser ablation
inductively coupled plasma mass spectrometry (LA-ICP-MS) for high-resolution mapping
of accumulation and distribution of lead and nutrition elements in leaves of Capsicum
annuum L., elemental mapping performed on fresh and dried Capsicum annuum L. leaves
were compared. The major disadvantage of the techniques in the case of analysis of
environmental samples in their natural form was the difficult standardization [5]. The
measurements presented in their work gave the map of the intensity of a spectral line, which
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may be proportional to the local concentration, but there was no attempt at calibration.
Qualitative analysis of TCM samples were carried out in the above literatures and other
papers [6–9]. The samples were simply pretreated in these papers and were not ground
and pelletized. However, for quantitative analysis, grinding and pelleting of the samples is
essential. Because, when testing natural samples such as TCM and plant tissues, there is
usually no available standard samples. The acquisition of calibration samples is usually a
complex process. In order to establish the calibration curve for LIBS technique, reference
samples need to be prepared. The usual practice is adding standard elements to the test
sample, and this inevitably requires grinding, sieving and pelleting the samples. Zheng et al.
detected Cu and Pb in Coptidis by reheated double-pulse LIBS (RDP-LIBS), the detection
of Cu and Pb were 1.91 and 3.03 mg/kg, respectively [10]. Li compared and analyzed the
sensitivity of single pulse LIBS and double pulse LIBS to Cu in Artemisia annua, and the
detection limits of the two methods were 7.75 and 3.46 mg/kg, respectively [11]. Three
heavy metals (Cu, Cd and Pb) in Salvia miltiorrhiza were quantitatively analyzed based on
LIBS combined with least squares support vector machine (LSSVM) by Liang, and the result
proved that variable importance measure (VIM) combined with LSSVM calibration model
showed a better predictive performance [12]. Su et al. established the detection models to
simultaneously and quantitatively analyze seven heavy metals in Sargassum fusiforme by
LIBS coupled with a simple framework [13]. Zhang et al. used LIBS for quantitative analysis
of Cr in dried kelp samples, but the abscissa of the calibration curve was the Cr content of the
soaking solution, not the actual content of heavy metals in the kelp samples [14]. Inevitably,
when the sample to be tested is quantitatively analyzed, it must also be ground and pelleted
in order to maintain consistency with the calibration sample [15]. Moreover, the distribution
of heavy metals in natural samples is not uniform, and grinding can eliminate the influence
of non-uniformity and obtain stable spectral signals. This method of sample preparation
greatly increases the complexity of the detection process. It is urgent to develop a calibration
method for microdamage quantitative analysis of plant samples in their natural form by
LIBS. That is, the samples are dried to remove moisture and then directly quantitatively
analyzed, rather than quantitative analysis of samples after grinding and pelleting. There is
limited literature about this. In Ref. [16], the macro spatial distribution of chromium in rice
leaves was visualized by double pulse LIBS, then the reference value of chromium content
was measured by ICP-MS, finally the chromium content in rice leaves was successfully
visualized with a SVM model based on feature variables. It proved that this method could
be used for element mapping. However, in order to obtain the calibration curve, the whole
rice leaves were used to digested and detected by ICP-MS, so the uneven distribution of
heavy metals had a greater impact on the results.

This paper focused on establishing the calibration curve for microdamage quantitative
analysis of heavy metals in leaves by LIBS. With the help of this calibration, the dried
samples could be directly quantitative analysis by LIBS, without grinding and pelleting.
This could save a lot of time in sample pretreatment, and make quantitative analysis by
LIBS much quicker. The specific idea of this experiment was that spectral intensities of the
undamaged treated samples had to be obtained by LIBS first, and then the corresponding
concentration of the element to be tested were detected by ICP-MS. For leaf samples, it was
not a simple process for establishing the calibration curve, but once the calibration curve
was established, it was of great significance to microdamage quantitative analysis for the
subsequent samples to be tested, and highlighted the advantages of rapid LIBS detection.

2. Experimental Method
2.1. Experimental Setup

The spectra of the samples in this experiment were recorded by the traditional LIBS
system, described in detail in the previous research paper [17]. Briefly, the plasma was
produced by Q-switched Nd:YAG pulse laser (BIGSKY, Ultra-100, Shanghai, China). Then
the laser was focused by a lens with a 100 mm focal length. The signal was collected by
a spectrometer (Avantes, AVS-DESKTOP-USB2, Beijing, China). The spectrometer had a
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spectral range of 200–500 nm and a resolution of 0.08–0.12 nm. The leaf samples were
placed on the X-Y stage (Zolix, PSA150-11-X, Shanghai, China), controlled by a two-phase
stepper motor controller (Zolix, SC300-2B, Shanghai, China). LIBS data acquisition was
performed using single shot scanning, and a total of 12 spectra were obtained for each
sample, and no shot was overlapped with the help of the X-Y moving stage.

Microwave digestion was used for sample pretreatment. The microwave digestion
system (XT-mul) was purchased from Shanghai Xintuo Analytical Instrument Technology
Co., LTD (Shanghai, China). The concentration of heavy metals of the samples were
detected by ICP-MS (Thermo Fisher, iCAP RQ, Shanghai, China).

2.2. Sample Preparation

Mixed solutions of lead and cadmium were prepared from their nitrates. First, 0.0644
g of Cd(NO3)2·4H2O and 0.0591 g of Pb(NO3)2 were dissolved in a 250 mL volumetric
flask, which was the stock solution. This was then diluted, successively, into 14 gradient
heavy metal solutions for soaking leaf samples. For a total of 15 gradient solutions, the
specific concentrations of Cd and Pb were shown in the table below (Table 1).

Table 1. The concentrations of Cd and Pb of the 15 gradient solutions (unit: µg/L).

No. of Solution Cd Pb

1 0.00 0.00
2 4.69 7.39
3 9.39 14.79
4 23.47 36.97
5 46.94 73.95
6 93.87 147.89
7 234.68 369.73
8 469.35 739.45
9 938.7 1478.9
10 2346.75 3697.25
11 4693.5 73,94.5
12 9387 14,789
13 23,467.5 36,972.5
14 46,935 73,945
15 93,870 147,890

Experiments were performed with leaves from laurel. The leaves were soaked in
different concentrations of heavy metal solutions in order to obtain samples for calibration.
Specifically, after the leaves were picked, they were cleaned with deionized water and cut
into circles with a knife mold, seen in Figure 1. A total of 85 leaves were collected and cut
into 750 small round samples. They were, respectively, soaked in 15 solutions of different
heavy metal concentrations for 2 days. Then they were taken out, cleaned with deionized
water, and pressed between two paper disks into a wooden specimen holder, and, finally,
analyzed by LIBS after drying.
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The sample detected by LIBS was shown in Figure 2a. Samples were cut into wafers
with the diameter of 10 mm. In theory, microscopically, the smaller the sample was cut, the
more evenly the heavy metals were distributed. However, if the wafers were too small, it
was not conducive to experimental operation. After consideration, the leaves were cut into
wafers with 10 mm in diameter. The thickness of the leaf was about 0.34 mm. The diameters
of the laser ablated craters were about 0.8 mm. A single pulse would not penetrate the
sample. As shown in Figure 2b, each leaf sample was divided into two parts, and the
middle part was a circle with a diameter of 6 mm, which was used for ICP-MS detection
after microwave digestion. The edge part was removed. This was because heavy metals in
the edge of the sample were significantly higher than those in the center after immersion in
heavy metals solutions. The area of the central of the sample was small and approximately,
the heavy metals were assumed evenly distributed.
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Figure 2. Schematic of sample processing: (a) sample after detected by LIBS and (b) cut into two parts.

After acquiring the LIBS spectra of all samples, sort all of them according to their
spectral intensity. Then, these samples were divided into several groups of different
concentration of heavy metals, this was because the weight of a single leaf sample was not
enough to digest.

In order to obtain the concentration of the heavy metals of the leaf samples by ICP-MS,
approximately 0.2 g of each group of the sample was weighed and shredded in the Teflon
vessels. Then, 5 mL of 65% HNO3 was added in the Teflon vessels. Microwave digestion
was performed according to the procedure in Table 2. After digestion, they were transferred
into 25 mL volumetric flasks and diluted with 2% HNO3 to the mark.

Table 2. Digestion procedure of the leaves sample.

Digestion Step Pressure (Pa) Temperature (◦C) Time (s) Power (W)

1 30 100 210 1800
2 30 100 150 1800
3 40 140 120 1800
4 40 140 150 1800
5 50 180 120 1800
6 50 180 1800 1800

2.3. Data Analysis

The original spectrum was fitted by Lorentz to obtain the spectral line intensity of
heavy metals. The 12 spectra were taken average as an effective spectrum. The average
intensities of Cd atomic line at 228.80 nm and Pb at 405.78 nm were used. The ICP-MS
detection result was taken as the abscissa, and the LIBS detection result was taken as the
ordinate to establish the calibration curve of microdamage quantitative analysis.

3. Result and Discussion
3.1. Spectral Analysis

Qualitative analysis of leaves of laurel by LIBS showed that the leaves mainly contained
C, Ca, Mg, Al, Si, Cu, Fe, Mn and Zn. The LIBS spectra of leaves soaked in Cd and Pb
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solutions were shown in Figure 3. There was no interference of the atomic lines at 228.80 nm
of Cd and at 405.78 nm of Pb, and they were chosen as indicator of concentration.
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Figure 3. Spectra of Cd and Pb in leaves.

Although a total of 750 wafers were prepared and immersed in heavy metals solutions,
the concentrations of No. 1–6 soaking solution were too low that the signals of Cd and
Pb were not detected by LIBS, therefore, at last a total of 357 samples were measured by
LIBS and used for establishing the calibration curve. The relative standard deviation (RSD)
of a single pulse of a sample showed the homogeneity of heavy metal distribution in the
sample. The smaller the single-pulse RSD value, the more homogeneity the distribution
of heavy metals in the sample. In this experiment, the 12 single-pulse RSD values ranged
from 12.7% to 159.8%. The ordering of single-pulse RSD values was shown in Figure 4. The
single-pulse RSD of 83 samples were exceeding 60%, that was, the heavy metals were not
uniformly distributed in these samples. However, in order to ensure sufficient calibration
samples, the results of all 357 samples were retained in this experiment.
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3.2. Calibration Curve Creation

Naturally growing samples such as leaves were microinhomogeneity. Therefore, the
heavy metal concentration of all leaves soaked in the same solution were not necessarily the
same. What is more, it was worth noting that it was not the leaves immersed in the high-
concentration solution that the heavy metal content was high. Therefore, all the samples
were sorted according to their spectral intensity, and then divided into several groups.

In this experiment, the spectral intensity of Pb was higher than that of Cd in each
sample. All samples were therefore sorted by the spectral intensity of Pb, and the results
were shown in Figure 5. From the figure it can be found that the spectral intensity of Cd
element was also on the rise as a whole, but there were small fluctuations. The number
of high-concentration samples was small. The lower the spectral intensity, the higher the
number of samples. Therefore, the partition intervals of the high and the low intensity
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were not the same. For samples with low spectral intensity, each 10 samples were divided
into a group, and for samples with high spectral intensity, each 6 samples were divided
into a group. At last, all of these samples were divided into 42 gradients and then digested
separately, shown in Figure 6.

Chemosensors 2022, 10, 242 6 of 8 
 

 

3.2. Calibration Curve Creation 
Naturally growing samples such as leaves were microinhomogeneity. Therefore, the 

heavy metal concentration of all leaves soaked in the same solution were not necessarily 
the same. What is more, it was worth noting that it was not the leaves immersed in the 
high-concentration solution that the heavy metal content was high. Therefore, all the sam-
ples were sorted according to their spectral intensity, and then divided into several 
groups. 

In this experiment, the spectral intensity of Pb was higher than that of Cd in each 
sample. All samples were therefore sorted by the spectral intensity of Pb, and the results 
were shown in Figure 5. From the figure it can be found that the spectral intensity of Cd 
element was also on the rise as a whole, but there were small fluctuations. The number of 
high-concentration samples was small. The lower the spectral intensity, the higher the 
number of samples. Therefore, the partition intervals of the high and the low intensity 
were not the same. For samples with low spectral intensity, each 10 samples were divided 
into a group, and for samples with high spectral intensity, each 6 samples were divided 
into a group. At last, all of these samples were divided into 42 gradients and then digested 
separately, shown in Figure 6. 

0 50 100 150 200 250 300 350 400
0

400

800

1200  Cd
 Pb

Sample

Cd

0

6,000

12,000

18,000

24,000

 P
b

 
Figure 5. Sorted samples according to Pb spectral intensity. 

0 10 20 30 40
0

500

1000

1500
 Cd
 Pb

Digestion sample number

Cd

0

6,000

12,000

18,000

24,000

 P
b

 
Figure 6. Samples divided into 42 groups according to intensity of Pb. 

The calibration curve of Pb and Cd were shown in Figure 7a,b. The R-squared value 
of Pb was 0.8272. The lower the content, the more accurate the result, this was because the 
number of low-concentration samples was larger, and the concentration gradient spacing 
between the sample groups was small. When fitted the samples with Pb concentration less 
than 25 mg/kg, the square of R was 0.8786, as shown in Figure 8. Further increase the 
concentration of heavy metals in the soaking solution, thereby increasing the number of 
high-concentration samples, can make the data of high-concentration samples more accu-
rate. Since the abscissa of this calibration curve was the concentration of the heavy metal 
of the sample after drying, and the ordinate was its spectral intensity, the leaves of laurel 

Figure 5. Sorted samples according to Pb spectral intensity.

Chemosensors 2022, 10, 242 6 of 8 
 

 

3.2. Calibration Curve Creation 
Naturally growing samples such as leaves were microinhomogeneity. Therefore, the 

heavy metal concentration of all leaves soaked in the same solution were not necessarily 
the same. What is more, it was worth noting that it was not the leaves immersed in the 
high-concentration solution that the heavy metal content was high. Therefore, all the sam-
ples were sorted according to their spectral intensity, and then divided into several 
groups. 

In this experiment, the spectral intensity of Pb was higher than that of Cd in each 
sample. All samples were therefore sorted by the spectral intensity of Pb, and the results 
were shown in Figure 5. From the figure it can be found that the spectral intensity of Cd 
element was also on the rise as a whole, but there were small fluctuations. The number of 
high-concentration samples was small. The lower the spectral intensity, the higher the 
number of samples. Therefore, the partition intervals of the high and the low intensity 
were not the same. For samples with low spectral intensity, each 10 samples were divided 
into a group, and for samples with high spectral intensity, each 6 samples were divided 
into a group. At last, all of these samples were divided into 42 gradients and then digested 
separately, shown in Figure 6. 

0 50 100 150 200 250 300 350 400
0

400

800

1200  Cd
 Pb

Sample

Cd

0

6,000

12,000

18,000

24,000

 P
b

 
Figure 5. Sorted samples according to Pb spectral intensity. 

0 10 20 30 40
0

500

1000

1500
 Cd
 Pb

Digestion sample number

Cd

0

6,000

12,000

18,000

24,000

 P
b

 
Figure 6. Samples divided into 42 groups according to intensity of Pb. 

The calibration curve of Pb and Cd were shown in Figure 7a,b. The R-squared value 
of Pb was 0.8272. The lower the content, the more accurate the result, this was because the 
number of low-concentration samples was larger, and the concentration gradient spacing 
between the sample groups was small. When fitted the samples with Pb concentration less 
than 25 mg/kg, the square of R was 0.8786, as shown in Figure 8. Further increase the 
concentration of heavy metals in the soaking solution, thereby increasing the number of 
high-concentration samples, can make the data of high-concentration samples more accu-
rate. Since the abscissa of this calibration curve was the concentration of the heavy metal 
of the sample after drying, and the ordinate was its spectral intensity, the leaves of laurel 
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The calibration curve of Pb and Cd were shown in Figure 7a,b. The R-squared value
of Pb was 0.8272. The lower the content, the more accurate the result, this was because the
number of low-concentration samples was larger, and the concentration gradient spacing
between the sample groups was small. When fitted the samples with Pb concentration
less than 25 mg/kg, the square of R was 0.8786, as shown in Figure 8. Further increase
the concentration of heavy metals in the soaking solution, thereby increasing the number
of high-concentration samples, can make the data of high-concentration samples more
accurate. Since the abscissa of this calibration curve was the concentration of the heavy
metal of the sample after drying, and the ordinate was its spectral intensity, the leaves of
laurel can be microdamage quantitative analysis with the help of this calibration curve,
without grinding and pelleting of the sample to be tested.
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Since the samples were sorted according to the spectral intensity of Pb, the linearity
of Cd was poor, only 0.5843. This result proved that the method of establishing the
microdamage calibration curve was not suitable for two or more elements at the same time.
In order to microdamage quantitative analysis of multiple heavy metals by LIBS with the
help of this method, it is necessary to establish the calibration curve of each element first,
and then microdamage quantitative analysis of the heavy metals by LIBS in the sample
simultaneously. This will lead to our next work; applying this method to microdamage
quantitative analysis of the heavy metals of more samples of TCM by LIBS.

4. Conclusions

In this study, a calibration method for microdamage quantitative analysis of Pb of laurel
leaves by LIBS was successfully established. With the help of this calibration curve, the
samples to be tested could be analyzed by LIBS without grinding and pelleting. Although
two elements, i.e., Cd and Pb, were experimented simultaneously, all the samples were
sorted according to the spectral intensity of Pb, so the linearity of Cd element was poor. In
order to further improve the linear relationship, more samples should be prepared and the
samples with large single-pulse RSD values can be removed, so that more accurate results
can be obtained. This method can better reflect the characteristics of rapid analysis of LIBS.
The preliminary results of this experiment indicated that the calibration method could be
used in microdamage quantitative analysis of elements in TCM and other naturally grown
samples, so as to obtain the distribution information of elements in the sample which might
play an important role in plant science.
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