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Abstract: This study presents the development and validation of a sample preparation and analytical
method for the determination of toxic and essential metals in nutraceutical products using
inductively coupled plasma mass spectrometry (ICP-MS). Sample digestion was optimized using a
microwave-assisted procedure with 5 mL of HNOj3 and 2 mL of H>O,, under conditions of 180 °C for
30 minutes. The analytical method demonstrated high linearity (R? > 0.999) and excellent recovery
rates ranging from 89.10% to 101.2% across all tested metals, with relative standard deviations (RSDs)
within acceptable AOAC limits. The validated method was applied to analyze 17 commercial
nutraceutical products and 10 turmeric powder samples collected in Vietnam. The results showed
that concentrations of toxic heavy metals such as arsenic (As), cadmium (Cd), mercury (Hg), and lead
(Pb) were all below the permissible limits set by Vietnamese regulations. Other trace elements
including aluminum (Al), chromium (Cr), manganese (Mn), copper (Cu), and antimony (Sb) were
also detected, although no regulatory limits currently exist for these in nutraceuticals. This method
is suitable for routine monitoring and quality control of metal content in dietary supplements.

Keywords: metals; functional foods; ICP-MS

1. Introduction

In recent years, the use of multivitamin supplements and various functional food products has
become increasingly popular in Vietnam as a means to enhance daily nutrient intake [1,2]. These
products are typically enriched with essential nutrients and bioactive compounds that support
physiological functions and promote overall health [3,4]. Numerous studies have investigated the
efficacy of functional foods [5,6], and such products are now widely recognized as important
components in the prevention and management of health conditions [7,8].

However, a significant number of these dietary supplements are derived from herbal and animal
sources, whose origins and quality are not always subject to stringent control [9,10], particularly
regarding their heavy metal content [11-14]. Long-term consumption of such products without
proper monitoring can pose potential health risks due to the accumulation [11,15].

Trace elements such as zinc (Zn), copper (Cu), and chromium (Cr) play vital roles in various
metabolic processes and are essential for human health in small amounts [16,17]. In contrast, certain
metals like arsenic (As), cadmium (Cd), lead (Pb), and mercury (Hg) have no known beneficial
biological function and can be toxic even at low concentrations [18,19].

The increasing consumption of functional foods and dietary supplements has prompted
growing interest in the development and application of analytical techniques to ensure product
safety. Inductively Coupled Plasma Mass Spectrometry (ICP-MS) is one of the most powerful and
widely used techniques for trace metal analysis due to its high sensitivity, low detection limits, and
multi-elemental capability. It has been extensively applied in various matrices, including
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environmental samples (e.g., water, soil, and air), food products [20-23], pharmaceutical preparations
[24-27], and biological tissues [11,28-30].

Several recent studies have demonstrated the effectiveness of ICP-based techniques in metal
quantification. For example, Ji Zhang et al. used Inductively Coupled Plasma Optical Emission
Spectrometry (ICP-OES) to determine the concentrations of eight elements (B, Co, Cr, Cu, Li, Na, Nj,
and Zn) in maca root samples collected from China and Peru [17]. Similarly, H.S. Canbay and M.
Dogantiirk analyzed dietary supplements in Turkey for metals such as As, Cr, Zn, Pb, Cd, Co, Nj,
Hg, Mn, Fe, Al, and Cu using microwave digestion with a mixed acid solution (HNOs + HCl) followed
by ICP-OES detection. Their method showed a limit of quantification (LOQ) ranging from 2.5 to 5
pg/L, and recovery rates between 92.12% and 102.08% [16]. In another study, Liane V.V. Bokowski et
al. used ICP-MS to determine the concentrations of Se, Cr, Ni, Cd, and Pb in 30 grape leaf samples,
achieving recovery rates of 95.5% to 102.4% [16].

This study aims to develop, optimize, and validate a reliable analytical method for the
simultaneous determination of multiple metals—including both essential and toxic elements—in
nutraceutical products using inductively coupled plasma mass spectrometry (ICP-MS). By refining
microwave-assisted sample digestion conditions and evaluating key validation parameters such as
recovery, repeatability, and detection limits, the study provides a scientific basis for quality control
and safety assessment of functional foods available on the Vietnamese market.

2. Materials and Methods

2.1. Chemicals and Standards

e Nitric acid (HNOj;) 65%, Merck (Germany).

e  Hydrogen peroxide (H.O,) 30%, Merck (Germany).

e  Double-distilled water with conductivity < 18 MQ.

e Single-element stock standards of Cr, Cd, Hg, and Sb at 100 pg/mL, purchased from
AccuStandard.

e  Stock standards of As, Cu, Pb, Mn, and Al at 1000 pg/mL, purchased from Inorganic Ventures.

e  Working standard solutions with a concentration of 500 ng/mL were prepared by diluting the
stock solutions.

e Internal standard mixture containing 10 pug/mL of each Bi, Ge, In, Sc, Tb, Y, and Li in 5% HNOs.

¢  Tuning solution containing 10 ng/mL of each Ce, Co, Li, Mg, Tl, and Y in 2% HNO:;.

2.2. Instruments

e  MARS 6 microwave digestion system (CEM, USA).

e  Purelab Flex-3 ultrapure water purification system (ELGA, UK).
e  UNI110 drying oven (Memmert, Germany).

e  ICP-MS 7900 system (Agilent Technologies).

2.3. Analytical Methods

Calibration Curve Preparation

Calibration standards were prepared by diluting stock standard solutions of As, Cu, Pb, Mn, Al,
Cr, Cd, Hg, and Sb with 1% HNO:s to obtain working standards at 500 ng/mL (freshly prepared daily).
The concentration range for the calibration curves of most metals was from 1 ppb to 100 ppb (ng/mL).
For mercury (Hg), the calibration range was typically from 0.1 ppb to 10 ppb (ng/mL).
Sample Collection and Storage

Samples were collected between June and July 2017 from various locations selling functional
foods in Hanoi. For each batch, two identical samples were collected —one for analysis and one for
backup storage. Immediately after collection, samples were carefully packed and transported to
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prevent damage or quality degradation. All samples were stored in a cool, dry room and analyzed
within three months of collection.

Analytical Procedure

Metal contents in the functional food samples were analyzed using microwave-assisted
digestion followed by detection with an inductively coupled plasma mass spectrometer (ICP-MS
7900, Agilent Technologies) [11].

The analytical procedure is illustrated in Figure 1. Precisely 5 mL of sample (for liquid forms) or
0.1-0.2 g of powdered sample was weighed into a Teflon digestion vessel. Then, 5 mL of concentrated
HNO; (65%), 2 mL of H,O, (30%), and approximately 5 mL of distilled water were added. The vessel
was sealed tightly and subjected to microwave digestion under the conditions described in Table 1.

After cooling to room temperature, the vessels were carefully opened. The contents were rinsed
with ultrapure water and transferred to a 50 mL volumetric flask. The solutions were centrifuged at
3000 rpm for 5 minutes. The supernatant was transferred to clean sample vials and analyzed for metal
content using the ICP-MS system [11].

Sample homogenization

Sample pipetting or weighing
0.1-0.2 g)

Addition of S mL concentrated HNO:
and 2 mL H:O:

Microwave digestion

A

Transfer and dilution to S0 mL in a
volumetric flask

Solution filtration or centrifugation

Solution dilution (optional)

Transfer to vial

ICP-MS ANALYSIS

Figure 1. Workflow for the Analysis of Metals in Functional Foods.

The operating conditions of the microwave digestion system were optimized for metal analysis,
using a power setting of 1600 W (100%) and a pressure of 800 psi. The optimized digestion program
is detailed below:
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Table 1. Microwave Digestion Conditions.

Stage [Temperature (°C) [Ramp Time (min) [Hold Time (min)
1 180 15 15
2 30 - 15

ICP-MS Operating Conditions

Metal concentrations were determined using an ICP-MS instrument under the conditions shown
in Table 2.

Table 2. ICP-MS Operating Parameters.

Parameter Value
RF power, W ~1600
Sampling depth, mm ~3
Carrier gas flow rate, L/min ~0.7
Auxiliary gas flow rate, L/min ~0.3
Nebulizer MicroMist
Spray chamber temperature, °C 2
Vacuum pressure during analysis, Pa 5x10*
IVacuum pressure in standby mode, Pa 3 x 105
Peristaltic pump speed, mL/min 0.1
\Wash pump speed, rpm 438
Sample pump speed, rpm 26
Cooling water temperature, °C 20
Cooling water power, W 1750
/Acquisition time per replicate, s 5.8
\Wash time, s 120
Stabilization time, s 30
Cooling water flow rate, L/min 2.4
Number of replicates per point 3

3. Results and Discussion

3.1. Optimization of Digestion Volume

A volume of 2 mL of working standard solution at a concentration of 500 ng/mL of mixed metals
was added to the dietary supplement sample. Different volumes of acid mixture and catalyst (1), (2),
and (3) were then added, followed by 5 mL of distilled water. The mixture was placed into a Teflon
digestion vessel and replicated seven times. Microwave-assisted digestion was performed at 180°C
for 30 minutes. After digestion, the solution was diluted to 50 mL and analyzed by ICP-MS.

The results are presented in the following table:

Table 3. Recovery Efficiency of Metals Using Different Volumes of Digestive Acids.

Element 3 mL HNO; + 5 mL HNO; + 7 mL HNO; +
2 mL H,O, (%) [2mL H,;0, (%) 2 mL H,0, (%)

Al 85.3 96.8 101.2

Cr 82.9 93.4 104.8

Mn 87.5 95.2 99.7

Cu 90.7 101.2 105.9

IAs 89.4 98.8 102.5

Cd 92.1 99.9 101.2

Sb 87.2 97.6 104.3
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Hg 82.4 89.1 88.8
Pb 85.4 97.6 102.6
Average 82.4-92.1 89.1-101.2 88.8-105.9

The results show that increasing the amount of acid generally improves the recovery efficiency
of metals in the dietary supplement matrix. However, using a mixture of 5 mL HNO; and 2 mL H,O,
provided acceptable recovery values and consistency across all tested metals. Therefore, we selected
this acid mixture ratio for further sample digestion processes. The recovery efficiency of metal
elements using the 5 mL HNO; and 2 mL H,O, mixture ranged from 89.1% to 101.2%.

3.2. Validation

The recovery efficiency of the method was evaluated using the standard addition approach. A
volume of 2 mL of a 500 ng/mL mixed metal standard solution was added to representative dietary
supplement samples, followed by 5 mL of HNO; and 2 mL of H,O,, and then 5 mL of deionized
water. The samples were placed in Teflon digestion vessels and digested at 180°C for 30 minutes.
This process was repeated seven times. For unspiked real samples, the same digestion procedure was
applied. Blank samples were also prepared and processed concurrently throughout the analysis to
ensure that the results were not influenced by interferences or contamination.

Based on the analytical results, the recovery percentage, relative standard deviation (RSD %),
limit of detection (LOD), and limit of quantification (LOQ) were calculated as follows:

Table 5. Recovery Efficiency, RSD (%), LOD, and LOQ for Metal Elements. (Standard Addition Method on Real
Samples).

Element Recovery (%) RSD (%) LOD (mg/kg) LOQ (mg/kg)
Al 96.8 7.47 0.38 1.27
Cr 93.4 9.32 0.24 0.80
Mn 95.2 6.86 0.26 0.87
Cu 101.2 9.90 0.16 0.53
As 98.8 1.62 0.01 0.03
Cd 99.9 2.25 0.01 0.03
Sb 97.6 9.65 0.09 0.30
Hg 89.1 13.65 0.04 0.14
Pb 97.6 5.50 0.04 0.13

Average §89.1-101.2 1.62-13.65 0.01-0.38 0.03-1.80

The recovery values ranged from 89.1% to 101.2%, and the method's RSD ranged from 1.62% to
13.65%. According to AOAC guidelines [31,32], for a spiked concentration level of 20 ng/mL, the
acceptable recovery range is 80-110%, with a maximum allowable RSD of 15%. Thus, all recovery
and RSD values fall within the acceptable limits, indicating that this method is suitable for the
analysis of metal elements. The LOD values ranged from 0.01 to 0.38 mg/kg for most metals.

3.3. Metals in Functional Foods

After conducting a preliminary study to establish the optimal sample preparation procedure,
we analyzed 17 samples of functional foods and 10 samples of turmeric starch. The metal content in
various types of products was determined, and the results are presented in Table 6.

Table 6. Metal Content in Selected Functional Foods. Unit: mg/kg.

Sample Type Al Cr Mn Cu As Cd Sb Hg Pb
Lyver plus 285 | 027 | 126 | 048 | 0.02 | 001 | <0.09 | <0.04 | 0.05
Hewell 34.15 | <0.24 | 841 | 0.89 | 0.06 | 0.01 | <0.09 | <0.04 | <0.04
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Newcalver 5.72 | <024 | 47.83 | 0.44 0.13 0.04 | <0.09 | <0.04 | 0.05
Diép ha chau 12.85 | <0.24 | 86.43 | 0.66 0.28 0.03 | <0.09 | <0.04 | 0.05
Vinagan 4.84 | <0.24 | 5.21 0.21 0.11 0.01 | <0.09 | <0.04 | <0.04
Nanogol 4464 | 093 8.46 0.93 0.18 | <0.01 | 0.10 | <0.04 | 0.04
Ich tAm khang 25.02 | 0.31 7.59 0.34 0.13 | <0.01 | <0.09 | <0.04 | 0.05

Vuong tam théng 1544 | <0.24 | 92.11 | 0.56 0.15 0.01 0.11 0.05 0.07
Ninh tam vuong 1777 | <0.24 | 6.23 0.86 0.08 0.01 | <0.09 | 0.06 0.12

An Mach 62.50 | 0.39 | 29.56 | 2.46 0.24 0.06 | <0.09 | <0.04 | 0.26
Hanomax 9490 | 042 | 7873 | 2.21 0.89 0.02 0.12 | <0.04 | 0.59
BoniOxy 1 8.25 0.36 1.64 1.28 0.01 0.02 | <0.09 | <0.04 | <0.04
Ho tang duong 19.18 | 0.25 6.98 0.99 0.09 0.01 | <0.09 | <0.04 | 0.15
Diabetna 7.68 0.27 | 26.52 | 3.84 0.29 0.01 | <0.09 | <0.04 | <0.04
Mega pro plus 2582 | 024 | 28.03 | 259 | <0.01 | 0.01 | <0.09 | <0.04 | <0.04
TD care 45.07 | 0.57 | 26.20 | 3.73 0.33 0.02 0.11 | <0.04 | 0.12

Thanh duong an 2292 | 040 | 2595 | 296 | <0.01 | 0.04 | <0.09 | <0.04 | 0.05
Tinh b6t nghé ngoc y 291 | <0.24 | 39.66 | <0.16 | <0.01 | <0.01 | <0.09 | <0.04 | <0.04
Tinh b6t nghé Phta Quy | 1.26 025 | 18.75 | <0.16 | <0.01 | <0.01 | <0.09 | 0.08 | <0.04
Tinh b6t nghé Nghé An | 5.40 029 | 35,54 | <0.16 | 0.01 | <0.01 | <0.09 | 0.05 | <0.04
Tinh bot nghé Ut Em 5.88 0.27 8.77 | <0.16 | <0.01 | <0.01 | <0.09 | <0.04 | <0.04
Tinh b6t nghé Tan Nam | 20.37 | 0.20 | 65.31 | <0.16 | <0.01 | <0.01 | <0.09 | <0.04 | 0.05

Nghé vang 4.89 024 | 59.78 | <0.16 | <0.01 | <0.01 | <0.09 | <0.04 | <0.04
Tinh nghé 13.56 | 0.24 | 44.03 | <0.16 | <0.01 | <0.01 | <0.09 | 0.09 | <0.04
Tinh nghé Sagamin 8.50 0.33 2.08 | <0.16 | <0.01 | <0.01 | <0.09 | <0.04 | <0.04
Curcumin <0.38 | <0.24 | 1.53 0.65 | <0.01 | <0.01 | <0.09 | <0.04 | <0.04

Tinh bot nghé HV quany| 0.39 | <0.24 | 0.38 0.17 | <0.01 | 0.04 | <0.09 | <0.04 | <0.04

The analytical results were compared with the permissible limits established by the Ministry of
Health (MoH) for food supplements and functional foods. Some essential metals such as Al, Cr, Mn,
Cu, and Sb do not have specific regulatory limits.

Aluminum content was highest in the cardiovascular-supporting supplements group (ranging
from 8.24 to 94.90 mg/kg), followed by diabetes-supporting supplements (7.68-45.07 mg/kg), and
then liver-supporting supplements (2.85-34.15 mg/kg). Turmeric starch samples had relatively low
aluminum levels, except for one sample—Tinh bot nghé vang Tan Nam —which reached 20.37 mg/kg.

Chromium levels were generally low, with 9 samples below the detection limit. The remaining
18 samples had concentrations ranging from 0.24 to 0.93 mg/kg. Although low, chromium is essential
for carbohydrate and lipid metabolism.

Manganese levels varied widely across supplement groups. Liver-supporting supplements
ranged from 1.26 to 86.43 mg/kg. Among the seven cardiovascular-supporting samples analyzed,
manganese concentrations ranged from 1.64 to 92.11 mg/kg. Diabetes-supporting supplements
ranged from 6.98 to 28.03 mg/kg. In turmeric starch samples, manganese ranged from 0.38 to 59.78
mg/kg. Manganese is vital for bone and nervous tissue development.

Of the 27 samples analyzed, 8 had copper levels below the detection limit—all of which were
turmeric starch samples. The remaining 19 samples contained copper in the range of 0.17 to 3.84
mg/kg, which are relatively low values.

For antimony (Sb), 23 of the samples had concentrations below the detection limit. The other
samples ranged from 0.10 to 0.12 mg/kg.

Toxic metals including arsenic (As), cadmium (Cd), mercury (Hg), and lead (Pb) were compared
against the permissible limits set by Decision 46/2007/QD-BYT and QCVN 8-2:2011/BYT [33,34]:

e  Arsenic (As): The MoH allows up to 5 mg/kg. None of the samples exceeded this limit. As
concentrations ranged from 0.01 to 0.89 mg/kg, with 11 samples below the LOD.
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e  Cadmium (Cd): Levels ranged from 0.01 to 0.06 mg/kg, with 11 samples below the LOD. The
MoH limit is 1 mg/kg, indicating that Cd levels were relatively low in all cases.

e  Mercury (Hg): The allowed limit is 0.1 mg/kg. Among the 27 samples, 22 had Hg concentrations
below the detection limit. In the remaining 5 samples, Tinh bt nghé vang Pht Quy and Tinh
nghé had relatively high levels, close to the regulatory threshold (0.08 and 0.09 mg/kg,
respectively).

e  Lead (Pb): Of the samples analyzed, 14 had Pb levels below the LOD, while 13 samples ranged
from 0.04 to 0.59 mg/kg. The MoH limit for Pb is 3 mg/kg.

In conclusion, all dietary supplement samples had metal concentrations within the allowable limits.
The potentially harmful elements were detected at levels far below the regulatory thresholds,
suggesting no significant risk to human health from heavy metal contamination in these products.

4. Conclusions

In this study, we developed and validated an analytical procedure for the determination of
several metals in dietary supplements using ICP-MS. The method showed recovery efficiencies
ranging from 89.10% to 101.2%, with relative standard deviations (RSDs) within the acceptable limits
defined by AOAC guidelines, indicating good accuracy and repeatability.

The validated procedure was applied to analyze 27 samples of dietary supplements, including
turmeric starch products, collected from the market in Hanoi. The results showed that the
concentrations of toxic heavy metals such as arsenic (As), cadmium (Cd), mercury (Hg), and lead (Pb)
were all below the permissible limits established by Vietnamese regulations (Decision 46/2007/QD-
BYT and QCVN 8-2:2011/BYT), indicating a relatively high level of safety with respect to heavy metal
contamination.

For essential trace elements such as aluminum (Al), chromium (Cr), manganese (Mn), copper
(Cu), and antimony (Sb), which currently do not have specified regulatory limits for dietary
supplements in Vietnam, the concentrations varied depending on the product group. However, no
abnormally high levels were observed, and the results remained within a reasonable range.

Overall, the proposed analytical method is reliable and suitable for quality control and safety
monitoring of metal contents in dietary supplement products available on the market.
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