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Abstract

The determination of trace transition metals in biological samples is often limited by 

extremely small sample volumes and complex matrix effects. In this work, a highly sensitive 

analytical method for the simultaneous determination of Mn, Co, Ni, Cu, and Zn in micro-

volume samples was developed by coupling micro-ultrasonic single-droplet nebulization 

(MUSDN) with inductively coupled plasma quadrupole mass spectrometry (ICP-QMS). Key 

parameters were systematically optimized, with a particular focus on the evaluation of a Pt 

nebulizer sheet to reduce background equivalent concentrations (BECs). In addition, Ge was 

selected as the internal standard to effectively compensate for instrumental drift and matrix 

effects, thereby improving analytical stability. Under optimized conditions, the method 

exhibited excellent linearity (R2 ≥ 0.999) and precision (RSDs ~2%), while the achieved 
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sensitivity enhancement (11.5–19.6-fold) was consistent with the previously reported 

advantages of MUSDN. The method exhibited good tolerance toward high-salt and organic 

matrices, thus enabling accurate analysis of diluted serum samples without digestion. Its 

feasibility and reliability were further validated through the analysis of certified serum 

reference materials and real samples. These results demonstrate that MUSDN-ICP-QMS is a 

robust and efficient approach for trace metal analysis in volume-limited biological samples.

Introduction

Transition metal elements such as Mn, Co, Ni, Cu, and Zn play critical roles in a wide 

range of biological processes, serving as essential cofactors in enzymatic pathways related to 

energy metabolism, DNA replication, signal transduction and other vital functions.1-8 

Consequently, the accurate determination of these trace metals in biological specimens is of 

great importance for advancing biomedical, environmental, and toxicological research.9-13 

Despite their importance, quantitative analysis of metal elements in micro-volume serum 

samples remains challenging. This difficulty arises from the combination of inherently low 

endogenous concentrations and the extremely limited sample volumes typically available.14, 15 

ICP-QMS is a leading technique for trace element analysis. Nevertheless, its conventional 

pneumatic nebulization (PN) sample introduction system suffers from its inherently low 

efficiency (typically <5%) making it unsuitable for highly sensitive analysis of micro-volume 

samples. To overcome this limitation, several high-efficiency sample introduction approaches 

has been developed, including electrothermal vaporization (ETV),16 hydride generation (HG),17 

membrane desolvation (MD),18-20 and direct injection nebulization (DIN).21, 22 These techniques 

can markedly enhance analytical sensitivity. However, each presents intrinsic drawbacks when 

applied to simultaneous multi-element analysis of biological matrices: ETV typically offers low 

throughput,16, 23 HG is restricted to hydride-forming elements,17 MD suffers from pronounced 

memory effects19, 20 and DIN is prone to clogging.24-26 

Recently, micro-ultrasonic nebulization (MUN) has attracted increasing attention because 

of its high efficiency, low cost, and minimal sample consumption.27-29 Recently, our group 
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developed a high efficiency MUN sample introduction unit for elemental analysis by ICP-MS, 

achieving near-complete sample introduction and exceptional analytical sensitivity.30 In 

subsequent work, we further adapted this approach for high precision isotope analysis through 

multi-collector inductively coupled plasma mass spectrometry (MC-ICPMS) by implementing 

an updated single droplet MUN system (MUSDN), which greatly reduced the required sample 

volume.31 However, despite these advancements, the applicability of MUSDN for routine 

multi-element quantification in volume-limited samples has not yet been systematically 

investigated.  

In this study, we comprehensively evaluated the feasibility of MUSDN for the 

determination of five biologically essential transition metals (Mn, Co, Ni, Cu, Zn) by ICP-QMS. 

Several key operational parameters, including MUN sheet material, droplet volume, and 

internal standard, were optimized. The method's detection limits, matrix tolerance, and 

analytical accuracy were also systematically assessed. Finally, its practical applicability was 

demonstrated through the analysis of certified serum reference materials and real samples.

Experimental section

Reagents and Chemicals

High-purity reagents were used throughout this work unless otherwise specified. Ultrapure 

water (>18.2 MΩ cm) was produced using a Milli-Q water purification system (Millipore 

gradient, Merck Millipore, Darmstadt, Germany). High-purity nitric acid was obtained through 

double sub-boiling distillation. Analytical-grade n-butanol was supplied by Tianjin Fuyu Fine 

Chemical Co., Ltd., and TritonTM X-100 (analytical grade) was purchased from Macklin. A 

series of standard working solutions with varying concentrations were prepared by diluting 

single-element stock solutions (Sc, Mn, Co, Ni, Cu, Zn, Ge, Rh, In; 1000 μg mL−1; NCS, Beijing, 

P.R. China). Two serum CRMs, SeronormTM trace-element Serum L-1 and L-2 RUO, were 

used and stored in darkness at 2–8 ℃ prior to analysis.

Clinical Subjects and Sample Harvesting

This study was conducted in accordance with the principles of the Declaration of Helsinki, 
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and the study protocol was approved by the ethical committees of China University of 

Geosciences (Wuhan, China) and Wuhan Zhongnan Hospital of Wuhan University. All serum 

samples from patients were collected from Wuhan Zhongnan Hospital of Wuhan University, 

and signed informed consents were obtained from participants or their authorized 

representatives prior to all study procedures.

Sample Preparation

To evaluate matrix effects, a series of synthetic matrix samples were prepared. Specifically, 

individual matrix solutions containing Na, K, Ca, and Mg were generated. The procedure 

involved evaporating aliquots of single-element standard stock solutions to dryness and 

reconstituting the residues with appropriate mixed analyte standard solutions. This process 

yielded primary matrix solutions with a target concentration of 10000 mg L−1 for each 

respective matrix element. These solutions were subsequently serially diluted to produce the 

final working calibration standards used for the matrix effect study.

Serum samples were digested in closed PTFE-lined bombs for trace element analysis. 

Approximately 200 μL of serum was accurately weighed, mixed with 1 mL of concentrated 

HNO3, and heated at 190 °C for 24 h. After cooling, the digest was transferred to a PFA beaker 

and evaporated to near-dryness at 105 °C. Residual acid was removed by adding 0.2 mL of 

deionized water and evaporating to dryness. The final residue was dissolved in an acid solution 

containing 10 μg L−1 Ge (internal standard) prior to analysis. The samples without digestion 

(direct dilution method) were prepared as follows: 5 μL of the sample was transferred into a 

100 μL vial using a micropipette. Then, 5 μL of a 20 μg L−1 Ge internal standard solution (in 

dilute HNO3) was added, and the mixture was mixed thoroughly. Subsequently, 4 μL of the 

mixed solution was taken and introduced for analysis.

To prevent sample-to-sample carryover, three consecutive washes with 4 µL of 2% HNO3 

were performed after each sample measurement. This procedure effectively reduced residual 

signals to blank levels for all five elements. 

Instrumentation

The MUSDN sample introduction system was designed and developed by Dong et al. from 
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our research group.31 The system comprises a commercially available MUN sheet, which 

converts microliter liquid droplets into fine aerosol, and a no-waste spray chamber for ordered 

aerosol transport.30 The MUN sheet is mounted onto the spray chamber via a connecting ring 

with an integrated O-ring seal, as described previously.31 A schematic diagram of the MUSDN-

ICP-QMS configuration is shown in Fig 1 Stainless steel and platinum MUN sheets (Suzhou 

Chirong Precision Electronics Co., Ltd.) were used in this study; both types contain laser-drilled 

micro-orifices with a batch-to-batch diameter variation below 5%. The key orifice 

specifications include an inlet diameter of 30 μm, an outlet diameter of 2.5 μm, and a drilling 

diameter of 0.5 mm, corresponding to 21 orifices per sheet.31 

The MUSDN system was driven by a function generator (DG 1022 Z, Rigol Technologies, 

Inc.), delivering a 50% duty cycle square wave. The driving voltage was fixed at 16 V to ensure 

efficient droplet nebulization, while the operating frequencies were optimized at 110 kHz for 

the stainless-steel sheet and 103 kHz for the platinum sheet. Sample droplets were precisely 

loaded onto the center of the MUN sheet using an Eppendorf Research® plus manual pipette 

(0.5–10 μL range). 

Elemental quantification was performed using an Agilent 7900 ICP-QMS at the Faculty 

of Materials Science and Chemistry, China University of Geosciences (Wuhan). A pneumatic 

nebulizer equipped with a quartz spray chamber was employed for conventional sample 

introduction to optimize the ICP-QMS operating parameters and to obtain reference 

quantitative values for real samples, thereby validating the accuracy of the proposed MUSDN 

based method. The detailed instrumental parameters are summarized in Tab 1.
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Fig 1. Schematic diagram of MUSDN-ICP-QMS experimental setup.

Tab 1. Operating conditions for the PN-ICP-QMS and MUSDN-ICP-QMS.

Parameters PN-ICP-QMS MUSDN-ICP-QMS

RF Power (W) 1550 1550

RF Matching (V) 1.8 1.5

Sampling Depth (mm) 8.0 8.0

Nebulizer Gas Flow (L min−1) 1.05 1.30

Plasma Gas Flow (L min−1) 15 15

Auxiliary Gas Flow (L min−1) 0.90 0.90

Extraction Voltage 1 (V) −10.2 −10.2

Extraction Voltage 2 (V) −235.0 −235.0

Bias Voltage (V) −120 −120

Lens Voltage (V) 8.5 8.5

Skimmer Cone AT7902X-Ni AT7902X-Ni

Sampling Cone AT7701-Ni AT7701-Ni

Acquisition mode Peak hopping
Time resolved analysis 

(TRA)

Mass of elements e.g., 55Mn, 59Co, e.g., 55Mn, 59Co, 60Ni, 65Cu, 
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60Ni, 65Cu, 66Zn, 72Ge 66Zn, 72Ge

Integ time/Mass (s) 0.1 0.1

Results and discussion

Feasibility of MUSDN for High Sensitivity Elemental Analysis by ICP-QMS

To evaluate the feasibility of MUSDN-ICP-QMS for highly sensitive analysis of 

biologically essential transition metals, we first examined the signal peak profiles and 

reproducibility, followed by an assessment of analytical sensitivity relative to PN-ICP-QMS. 

In this experiment, the stainless-steel MUN nebulizer previously described by Dong et al.31 was 

employed. Conventional PN-ICP-QMS and MUSDN-ICP-QMS measurements were 

performed sequentially on the same day using a mixed standard solution containing Mn, Co, 

Ni, Cu, and Zn at a concentration of 10 μg L−1. As shown in Fig 2, a single 2 μL droplet 

generated a transient signal with a duration of approximately 4.2 seconds with MUSDN-ICP-

QMS, consistent with previous work31. Successive injections produced nearly identical peak 

shapes, indicating excellent operational consistency. The relative standard deviations (RSDs) 

of 11 consecutive measurements ranged from 5.2% (Ni) to 6.8% (Mn), demonstrating that the 

MUSDN system provides acceptable stability suitable for quantitative analysis. Furthermore, 

to verify the robustness of the plasma conditions under the low sample consumption of MUSDN, 

the oxide and doubly charged ion ratios were assessed by performing 11 consecutive injections 

of a 10 μg L−1 Ce standard solution. The average CeO+/Ce+ and Ce2+/Ce+ ratios were 3.3% and 

5.6%, respectively. These low and stable values indicate that the MUSDN sampling method 

does not compromise plasma robustness, effectively minimizing spectral interferences from 

oxide and doubly charged species during subsequent trace element analysis in complex 

biological samples.

Page 7 of 21 Journal of Analytical Atomic Spectrometry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

Jo
ur

na
lo

fA
na

ly
tic

al
A

to
m

ic
S

pe
ct

ro
m

et
ry

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
A

pr
il 

20
26

. D
ow

nl
oa

de
d 

on
 4

/1
8/

20
26

 9
:1

4:
00

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D6JA00052E

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ja00052e


Fig 2. Signal profiles from 11 replicate MUSDN-ICP-QMS injections. The 

RSDs of the peak areas for each element were determined.

Previous work in our group has demonstrated that this sample introduction system can 

enhance sensitivity by more than an order of magnitude.30 In summary, MUSDN-ICP-QMS 

offers good reproducibility and sensitivity for the analysis of transition metals in precious and 

volume-limited samples. However, there remains potential for further enhancement of its 

analytical performance. Factors such as the nebulizer sheet material may influence the BEC 

and signal-to-noise ratio (S/N), while optimizing the droplet volume and selecting an 

appropriate internal standard could improve the reproducibility and accuracy. Therefore, 

subsequent optimization efforts will focus on systematically improving these aspects to further 

enhance the analytical capability of the MUSDN-ICP-QMS system.

Material Optimization of the MUN Sheet

Stainless steel contains Fe, Ni, Cr, Mo, and Ti, and various minor elements (e.g. Mn, Cu, Zn, 

Co, and Si), any of which may contribute to background contamination during single-droplet aerosol 

generation. Although aerosol formation in MUSDN is transient, dissolution or trace release from 

the nebulizer sheet could still elevate elemental background. Therefore, we first evaluated whether 

replacing the stainless-steel MUN with a Pt MUN sheet could reduce BECs and improving S/N. 

The S/N were calculated based on 11 consecutive measurements of a 10 μg L−1 multi-element 

standard solution.

Tab 2 summarizes the S/N and BECs results obtained using the two materials. Overall, the Pt 
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sheet provided higher S/N values for Co, Ni, Cu, and Zn. When a 10 μg L−1 multi-element 

standard solution was measured 11 times, the Pt sheet yielded S/N values of 2123.0 (Co), 

5353.9 (Ni), 2687.8 (Cu), and 2471.6 (Zn), all substantially higher than those obtained with the 

stainless steel sheet, which were 1894.8 (Co), 183.3 (Ni), 1258.2 (Cu), and 1513.5 (Zn), 

respectively. Mn was the only exception for which the Pt sheet produced a slightly lower S/N 

(162.7) compared with the stainless steel (256.5). 

The similar trend was reflected in BEC values. Pt sheet resulted in lower BECs for Co 

(0.13 μg L−1), Ni (0.04 μg L−1), Cu (0.08 μg L−1), and Zn (0.10 μg L−1), compared with stainless 

steel sheet (0.14, 0.68, 0.15, and 0.12 μg L−1, respectively). The most pronounced improvement 

was observed for Ni (a 17-fold reduction), which is consistent with the high nickel content of 

stainless steel being a major source of background contamination. For Co and Zn, where the 

stainless steel background was already relatively low, the improvements were more modest. 

Again, Mn was the exception, with a slightly higher BEC value for the Pt sheet (1.93 μg L−1) 

relative to stainless steel (1.41 μg L−1). These results demonstrate that, with the exception of 

Mn, the Pt sheet significantly reduces BEC and improves S/N for the other four elements. The 

inferior performance for Mn with the Pt sheet might be due to a higher background level of Mn 

in the platinum material itself, or possibly due to contamination during the fabrication process. 

The notably improved performance for Ni is consistent with the high nickel content of stainless-

steel, which likely contributes to elevated Ni background. In conclusion, replacing the stainless 

steel with a Pt sheet effectively reduces background dissolution in the MUSDN-ICP-QMS 

system, thereby lowering BEC for most elements. 

Tab 2. Comparison of S/N and BECs for MUSDN (stainless steel)-ICP-QMS versus 

MUSDN(Pt)-ICP-QMS

MUSDN (stainless steel)-ICP-QMS MUSDN(Pt)-ICP-QMS

element
S/N

BEC

（μg L−1）
S/N

BEC

（μg L−1）

55Mn 256.5 1.41 162.7 1.93
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59Co 1894.8 0.14 2123.0 0.13

60Ni 183.3 0.68 5353.9 0.04

65Cu 1258.2 0.15 2687.8 0.08

66Zn 1513.5 0.12 2471.6 0.10

Droplet Volume Optimization for MUSDN Sampling

Pipetting inaccuracy and residual liquid on the nebulizer are potential sources of 

imprecision in MUSDN-ICP-QMS. Increasing the dispensed droplet volume is expected to 

mitigate these effects. To examine the influence of sample droplet volume on analytical 

precision, a mixed standard solution containing Mn, Co, Ni, Cu, and Zn (10 μg L−1 each) was 

analyzed using volumes of 1, 2, 3, 4, and 5 μL, with 33 consecutive measurements per volume. 

As shown in Fig 3, RSDs for all five elements decreased progressively as the droplet volume 

increased, with substantial improvement from 1 to 4 μL. Beyond 4 μL, the RSDs reached a 

plateau, indicating further increases in volume no longer significantly enhance reproducibility. 

The improvement at smaller volumes can be attributed to reduced relative pipetting error and 

diminished influence of residual liquid on the nebulizer surface. Once the volume reached 

approximately 4 μL, both pipetting and nebulization became highly stable, establishing 4 μL as 

the optimal volume for MUSDN sampling. Under these optimized conditions, the MUSDN 

sampling method achieved RSDs of approximately 2%, demonstrating its excellent 

reproducibility even when operating with low sample volumes.

Fig 3. Relationship between RSD and sample droplet volume in MUSDN-ICP-QMS.
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Evaluation of Matrix Interference Tolerance

Internal standardization was evaluated as a strategy to further improve analytical stability 

and precision in MUSDN-ICP-QMS. Among the four internal standards tested (Sc, Ge, Rh, and 

In), all reduced signal variability; however, Ge provided the most effective correction across 

all analytes, yielding the lowest RSDs. This can be attributed to the close match in ionization 

energy (7.90 eV) and mass (m/z 72) between Ge and the target analytes (Mn, Co, Ni, Cu, Zn), 

which enables effective compensation for matrix effects and instrumental drift. In contrast, the 

other tested internal standards—Sc (IE = 6.56 eV), Rh (IE = 7.46 eV), and In (IE = 5.79 eV), 

resulted in either overcorrection (Sc) or less stable correction (Rh, In) under the applied plasma 

conditions, likely due to differences in ionization efficiency or mass-to-charge characteristics. 

Consequently, Ge was selected as the optimal internal standard for this analytical method.

To evaluate matrix effects, mixed standard solutions containing Mn, Co, Ni, Cu, Zn, and 

Ge were prepared in two representative matrices: a high-dissolved-solid matrix and an organic 

matrix. These matrices consisted of varying concentrations of Ca(NO3)2, KNO3, Mg(NO3)2, 

NaNO3, Triton X-100, and n-butanol. Unlike previous studies in which all analytes were spiked 

with concentration of 10 μg L−1, the spike concentrations were adjusted for the high-dissolved-

solid matrix containing NaNO3. This adjustment was necessary because the NaNO3 reagent 

used exhibited elevated blank signals for Cu and Zn; thus, their concentrations in the NaNO3-

containing mixed standard were increased to 100 μg L−1 to ensure reliable blank subtraction 

and the acquisition of meaningful net analytical signals. All measurements were using a 4 μL 

injection volume, and analyte recoveries were calculated relative to those obtained in a 2% 

nitric acid matrix. 

The influence of the matrix elements on signal duration in the MUSDN-ICP-QMS was 

firstly investigated by analyzing solutions containing 10 μg L−1 Mn/Co/Ni/Ge and 100 μg L−1 

Cu/Zn in NaNO3 matrices with Na concentrations ranging from 0 to 10000 mg L−1. As shown 

in Fig 4A-F, all elements exhibited highly consistent temporal signal profiles across different 

NaNO3 concentrations. Each curve followed the characteristic pulse-injection behavior, 

including a rapid rise, a stable plateau, and a fast decline, with nearly identical peak onset time, 

plateau duration, and signal offset time. Although signal intensity gradually decreased with 
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increasing NaNO3 concentration due to matrix-induced suppression, no signal interruptions, 

plateau distortions, or premature signal drops (which are typical indicators of nebulizer 

clogging) were observed even at the 10000 mg L−1 Na high-salt condition. These results directly 

demonstrate that the MUSDN system enables stable and unobstructed sample introduction 

under high-salt conditions, effectively preventing nebulizer clogging and ensuring 

compatibility with saline samples. 

As illustrated in Fig S1A and detailed in Tab S1, the recoveries of all the analytes 

decreased progressively with increasing dissolved solids content, reflecting typical matrix-

induced suppression effects.32 In contrast, increasing organic content led to enhanced analyte 

recoveries (Fig S1B), consistent with carbon-induced signal enhancement for elements with 

relatively high ionization energies.33 These opposing trends arise from different mechanisms: 

high concentration of inorganic salts suppress analyte signals primarily through space charge 

effects and reduced plasma ionization efficiency, whereas organic substances act as additional 

carbon source that promotes analyte ionization.32, 33 

Without internal standard correction, most normalized signals fell outside the ±15% 

recovery acceptance range required for clinical quality control (Fig S1A and S1B). In contrast, 

correction using Ge as an internal standard, based on the normalized 55Mn/72Ge, 59Co/72Ge, 

60Ni/72Ge, 65Cu/72Ge and 66Zn/72Ge ratios shown in Fig S1C and S1D, effectively compensated 

for both inorganic and organic matrix effects. After internal standard correction, the majority 

of the recoveries were confined within the 85–115% range, fully meeting clinical quality 

control requirements.

Overall, these results confirm that MUSDN-ICP-QMS exhibits strong tolerance toward 

both high-salt and organic matrices. Moreover, the combination of MUSDN sampling with Ge 

internal standardization provides a robust and reliable strategy for minimizing matrix-induced 

interferences in the analysis of complex biological samples.
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Fig 4. Signal response curves of Mn (A), Co (B), Ni (C), Cu (D), Zn (E), and Ge (F) via 

MUSDN-ICP-QMS under different NaNO3 matrix conditions.

Evaluation of Analytical Performance for MUSDN-ICP-QMS

Under the optimized experimental conditions (Tab 1), employing a platinum MUN 

nebulizer, a 4 µL sample volume, and 72Ge as the internal standard, external calibration curves 

were established using standard solutions at concentrations of 0, 1, 5, 10, 20, 50 μg L−1. As 

shown in Fig S2A-E, excellent linearity was obtained for all analytes over the investigated 

concentration range, with correlation coefficients (R2) between 0.99901 and 1.00000. The 
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analytical performance of the MUSDN-ICP-QMS method, including limits of detection (LOD), 

absolute limit of detection (ALOD) and sensitivity were systematically evaluated and compared 

with those obtained using conventional PN-ICP-QMS (Tab 3). The LODs for the five target 

elements ranged from 0.014 μg L−1 (Ni) to 0.073 μg L−1 (Mn). Although three elements 

exhibited slightly higher LOD compared to PN-ICP-QMS when analyzed using the MUSDN 

system. Owing to the markedly enhanced sensitivity (11.5–19.6-fold, Fig S2F) combined with 

an ultra-low sample consumption of only 4 µL, the ALODs obtained with MUSDN-ICP-QMS 

were improved by 1–2 orders of magnitude relative to PN-ICP-QMS. This substantial reduction 

in ALODs is particularly critical for the analysis of trace transition metals in volume-limited 

biological and clinical samples. Overall, these results demonstrate that the MUSDN 

introduction system exhibits excellent analytical performance and is well-suited for the highly 

sensitive analysis of trace elements in small-volume samples. 

Tab 3. Comparison of analytical performance between PN-ICP-QMS and MUSDN-ICP-QMS

MUSDN-ICP-QMS PN-ICP-QMS

element LOD 

(μg L−1)

ALOD 

(pg)

Sensitivity 

(counts pg−1)

LOD (μg 

L−1)

ALOD 

(pg)

Sensitivity 

(counts pg−1)

55Mn 0.073 0.29
278600 ± 

5200
0.094 16 14200 ± 180

59Co 0.021 0.084
203800 ± 

3700
0.0020 0.34 10710 ± 100

60Ni 0.014 0.056 40900 ± 660 0.035 6.0 2395 ± 31

65Cu 0.029 0.116 45400 ±900 0.017 2.9 2479 ± 25

66Zn 0.030 0.12 14300 ± 290 0.012 2.0 1241 ± 13

Accuracy Validation and Application

To validate the accuracy of the proposed method, two certified reference materials (CRMs) 

of digested serum were analyzed. After a two-fold dilution, only 4 µL of the sample was 

introduced for measurement. As shown in Fig 5 and Tab S2, the measured values agreed well 
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with the certified values, confirming that the established MUSDN-ICP-QMS method can 

accurately determine trace elements in minute biological samples with a very low sample 

consumption of only 4 µL per analysis.

Building upon the accuracy verified for digested samples, direct analysis without digestion 

was further attempted. Serum samples were simply diluted two-fold and analyzed under the 

same conditions. Building upon the accuracy verified for digested samples, direct analysis 

without digestion was further attempted. Serum samples were simply diluted two-fold and 

analyzed under the same conditions. To evaluate the stability and reliability of the method 

during continuous operation, a 3-hour measurement sequence was conducted on 12 patient 

serum samples (each analyzed twice).

As summarized in Tab 4, the concentrations of all five elements (Mn, Co, Ni, Cu, Zn) in 

L-2 were in good agreement with the certified reference values. Recoveries for L-2 ranged from 

90.0% to 108%, all falling within 90–110%. The RSDs for L-2 ranged from 2.1% to 7.6%, 

indicating acceptable precision over the 3-hour period. Importantly, no systematic upward or 

downward trend was observed across the quality control measurements, and no clogging of the 

nebulizer occurred during the entire run, confirming that sample introduction issues were 

negligible. These results demonstrate that the proposed method, even without sample digestion, 

offers satisfactory stability and reproducibility for routine analysis of trace elements in 

undiluted or minimally diluted serum samples from clinical cohorts.

Fig 6 presents the measured concentrations of Mn, Co, Ni, Cu, and Zn in undigested, 

two-fold diluted serum samples from 12 patients with colorectal cancer, alongside the reference 

ranges for healthy individuals.34, 35 The distribution patterns relative to the reference ranges 

varied among elements: Mn concentrations were evenly distributed within the reference 

interval across patients; Co levels were mostly located in the upper half of the reference range, 

with three cases exceeding the range; Ni concentrations were also predominantly in the upper 

half of the interval; Cu levels were similarly concentrated in the upper portion of the reference 

range; while Zn concentrations showed a relatively even distribution, with the overall range 

extending slightly beyond both ends of the reference interval. The method we have developed 

provides a new approach for the rapid and sensitive analysis of serum elements.
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Fig 5. Measurement results of elements in digested serum CRMs.

Tab 4. Performance of SeronormTM trace-element Serum L-2 performance during 3-hour 

continuous analysis of 2-fold diluted, undigested serum samples (n=4). 

Parameter Mn Co Ni Cu Zn

Reference value 

(μg L−1)
14.8 ± 2.4 3.03 ± 0.43 9.7 ± 1.4 1961 ± 239 1940 ± 270

Measured value 

(μg L−1)
13.3 ± 0.8 3.03 ± 0.23 9.56 ± 0.62 1770 ± 112 2100 ± 72

RSD (%) 2.1 7.6 6.5 6.4 3.4

Recovery (%) 90.0 99.9 98.6 90.3 108

Fig 6. Analytical results for undigested, 2-fold diluted serum samples from patients with 
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colorectal cancer. The reference range of health individuals is indicated in green.

Conclusion

In this work, a MUSDN sample introduction system coupled with ICP-QMS was 

successfully developed for the highly sensitive, multi-element determination of transition 

metals in micro-volume biological samples. The method enables efficient and reliable analysis 

of trace metals in microliter-level serum samples, addressing a critical challenge in elemental 

bioanalysis. Systematic optimization demonstrated that the use of a platinum nebulizer sheet 

significantly reduced BECs, while a 4 µL droplet volume and Ge as an internal standard 

provided optimal analytical precision and stability. Compared to conventional PN-ICP-QMS, 

the MUSDN-ICP-QMS system demonstrated superior analytical sensitivity and significantly 

lower absolute detection limits, rendering it particularly advantageous for applications 

involving extremely limited sample volumes. Importantly, MUSDN exhibited excellent 

tolerance toward both high-salt and organic matrices. Matrix-induced signal suppression or 

enhancement from major serum components (e.g., Na, Mg, Ca, and K) could be effectively 

compensated through Ge internal standardization, enabling accurate quantification even under 

complex matrix conditions. This robustness suggests that the method is compatible with 

simplified sample preparation strategies, such as direct dilution of serum samples, without 

compromising analytical accuracy. The successful determination of transition metals in 

certified serum reference materials further confirmed the method's accuracy, precision and 

practical applicability. Overall, the MUSDN-ICP-QMS provides a powerful tool for 

ultrasensitive multi-element analysis in micro-volume samples, with significant potential for 

applications in clinical diagnostics, biological research and environmental monitoring.
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