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Abstract

Purpose of Review: This review explores the use of Inductively Coupled Plasma Mass
Spectrometry (ICP-MS) and X-ray Fluorescence (XRF) for quantifying metals and metalloids
in biological matrices such as hair, nails, blood, bone, and tissue. It provides a comprehensive
overview of these methodologies, detailing their technological limitations, application scopes,
and practical considerations for selection in both laboratory and field settings. By examining
traditional and novel aspects of each method, this review aims to guide researchers and clinical
practitioners in choosing the most suitable analytical tool based on their specific needs for
sensitivity, precision, speed, and sample preparation.

Recent Findings: Recent studies highlight enhanced capabilities of both ICP-MS and XRF
technologies, making them more adaptable to various analytical needs. ICP-MS is renowned
for its unmatched sensitivity and precision in detecting ultra-trace metals and metalloids in
complex biological samples, such as lead in plasma or seawater. XRF advancements include
lower detection limits and reduced sample preparation time, enabling rapid, non-destructive
analyses, ideal for quick field assessments. Portable XRF analyzers have revolutionized on-the-
spot testing, providing robust data without traditional wet-lab constraints. Moreover, hybrid
techniques combining ICP-MS and XRF features are emerging, offering rapid and precise metal
analysis for environmental monitoring, clinical diagnostics, and epidemiological studies.

Summary: Matching analytical methods to specific research demands is critical. ICP-MS is

the gold standard for detailed quantitative analysis in laboratories, while XRF excels in non-
destructive, immediate field applications. Selection should consider sample complexity, sensitivity,
speed, and cost-efficiency. Integrating ICP-MS and XRF offers a versatile approach to metals
analysis, transforming practices in environmental science and healthcare diagnostics. As these
technologies evolve, they are promising to expand capabilities in detecting and understanding the
roles of metals and metalloids in health and the environment.
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1.0 Introduction

Quantifying trace metals is essential in various scientific fields [1]. While trace amounts

of metals like calcium, manganese, and iron are crucial for human health, their excess

or deficiency can cause health problems. Metals like cadmium, mercury, or lead are
harmful even at trace levels. Previous literature has identified the significance of detecting,
identifying, and evaluating trace metals across medical applications [2, 3], material sciences
[4-6], and environmental studies [7-10].

A standard for metal measurements over the past two decades is inductively coupled plasma
mass spectrometry (ICP-MS) [11, 12]. ICP-MS stands out for its exceptional sensitivity,
broad dynamic detection range, and capability to analyze several metals at once across
multiple biological matrices [13, 14]. ICP-MS has seen widespread use in quantifying
elemental concentrations in a variety of biological samples including cells [15], hair

and nails [16], lungs tissues [17], bio-fluids i.e., teardrops [18], urine [19], whole blood

and plasma [20], and human serum [21, 22]. Over the years, several types of ICP-MS
systems have been employed to analyze biological matrices with each one having its

own advantages. Some of these enhanced ICP-MS used in measuring elemental contents
includes quadrupole ICP-MS (ICP-Q-MS) [23-26], high-resolution ICP-MS (HR-ICP-MS)
[24, 27-35], triple quadrupole ICP-MS (ICP-MS/MS) [36-44], time-of-flight ICP-MS
(TOF-ICP-MS) [45-50], and laser ablation ICP-MS (LA-ICP-MS) [51-61]. Selecting the
right system involves assessing analytical needs like selectivity, throughput, and complexity
of the biological matrix and elements involved.

X-ray fluorescence (XRF) is a non-destructive technique used for multi-elemental
quantification. It uses an excitation source (e.g. X-ray tube) to excite electrons within

a sample that upon deexcitation produce characteristic X-ray photons that unique to

each element. The intensities of the detected X-rays are proportional to the elemental
concentrations present. This process does not alter the sample, and calibration methods
simplify sample preparation. Some of the prevailing types of XRF suitable and adopted in
biomedical research include energy dispersive XRF (EDXRF) [2, 51, 62—-66], wavelength
dispersive XRF (WD-XRF) [67-70], micro-beam XRF (u-XRF) [71-73], total reflection
XRF (TRXRF) [74, 75], and synchrotron radiation XRF (SRXRF) [76-78]. Each use
distinct methods for detecting and analyzing the fluorescent X-ray photons emitted by the
specimen [79, 80]. Many of these XRF methods have been successfully applied to detect
and measure metals in different biological samples including normal and cancerous tissues
[81-83], hair [84-86], nails [84, 87-91], blood [2, 63, 65], and bones [78, 92-100].

This review compares different methods of metals quantification using ICP-MS and XRF to
provide insights into current practices and suggest future directions for assessing biomarker
exposure levels. It compares advantages and limitations between these methods in measuring
metals regarding time, sample preparation, skill demands, and detection limits. Previous
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work compares XRF to ICP-MS techniques in both instrumentation and the range of
application [51, 101-103], but this review highlights the current trends in different modes
and techniques of both instruments in a way to guide environmental researchers in choosing
the appropriate instrument for their needs evaluating the health impacts of metals.

2.0 Significance of metals and metalloids quantification in biological

systems

Trace metals are vital for health, where deficiencies in ones like chromium, nickel, zinc,
iron, or iodine lead to various conditions [104]. This underscores the need to detailed
analysis of trace elements in medicine and clinical research. Analyzing bodily fluids and
tissue samples is essential for health monitoring, and these biomonitoring efforts have used
particular biomarkers like blood, nail, and bone to accomplish this [105]. These studies are
primarily essential for health risk assessments and policy-making [106, 107] by tracking
metal exposures across geographic locations [108], age groups [109], over activity periods
[110], or even a combination of these factors [111]. Research into metal toxicity and related
disorders is important due to the accumulation of metals like arsenic, cadmium, chromium,
mercury, and lead from contaminated sources. Analyzing biological specimens for trace
minerals is essential due to their significant biomedical and pharmacological implications
[112, 113].

3.0 Methodology of study, literature, and search.

To conduct our review of the assessment of trace metals in biological specimens using

XRF and ICP-MS techniques, we employed the following approach. We used Google
Scholar and PubMed with the following search terms: (“X-ray fluorescence” or “XRF”)
and (“inductively coupled plasma mass spectrometry” or “ICP-MS”) and (“trace metals” or
“metalloids™) and (“biological specimens” or “biological samples”) and (“quantification” or
“detection”). We also found publications without Digital Object Identification from other
sources like Research Gate. The search was limited to publications from 2015 to the
present to capture recent advancements and current applications that use various biomarkers.
Acrticles were screened based on their abstracts and titles, and those that met the inclusion
criteria were subjected to a full-text review for detailed analysis. This methodology aimed
to gather information on the performance, advantages, and limitations of XRF and ICP-MS
for detecting and quantifying metals in health risk assessments, medical diagnostics, and
environmental monitoring. This review aimed to identify knowledge gaps in trace element
analysis and suggest future research directions.

4.0 Various inductively coupled plasma-mass spectrometry enhanced

techniques for metal(loids) analyses

This section details the operational principles, ionization methods, and mass detection
systems of ICP-MS instruments and emphasizes their capabilities in analyzing trace metals
analysis in various matrices.
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4.1 Quadrupole ICP-MS (ICP-Q-MS):

Quadrupole Inductively Coupled Plasma Mass Spectrometry (ICP-Q-MS) combines the
high-temperature capabilities of an ICP source with the precision of mass spectrometry

to detect trace elements and some non-metals at very low concentrations. The technique
involves converting a liquid sample into a mist, ionizing it in an argon plasma, and analyzing
the ions produced in a quadrupole mass analyzer based on their mass-to-charge ratios.
ICP-MS offers high sensitivity to detect elements at the parts per trillion level and produces
a wide spectrum of concentrations quickly in a single analysis run. However, it faces
challenges from certain polyatomic ions and matrix effects that affect the results. Equipment
costs range from $150,000 to $250,000 USD for entry level systems with ongoing expenses
for high-purity argon gas and complex sample preparation. Additionally, ICP-MS requires
skilled operators and regular maintenance to produce its accuracy. Despite these challenges,
quadrupole ICP-MS is widely used in fields like geology, environmental science, and
medicine [114, 115].

4.2 High-resolution ICP-MS (HR-ICP-MS):

High-resolution Inductively Coupled Plasma Mass Spectrometry (HR-ICP-MS) enhances
traditional ICP-MS capabilities by incorporating a magnetic sector or double focusing mass
spectrometer to separate ions not only by their mass-to-charge ratio but also by energy.
This separation significantly improves resolution that allows to distinguish analyte ions

and interfering species of identical mass-to-charge ratios. HR-ICP-MS begins similarly to
quadrupole ICP-MS but the ionized sample is passed through a magnetic sector field which
separates ions based on their momentum. This addition minimizes but not completely
removes spectral interferences, including those from polyatomic ions, which produces
cleaner spectra and thus provides better trace element quantification.

HR-ICP-MS excels in sensitivity and specificity in being able to detect low-abundance
isotopes and elements in complex matrices with minimal interference. It resolves isobaric
and polyatomic interferences without chemical resolution, which is useful in fields like
environmental monitoring and biomedical research. However, HR-ICP-MS systems are
significantly more expensive than ICP-Q-MS with costs typically ranging from $400,000
to $600,000 USD. The instrument’s complexity requires expertise in operation and
maintenance, and its higher resolution results from longer analysis times compared to ICP-
Q-MS, which reduces throughput. Despite these challenges, HR-ICP-MS has been highly
effective in detecting and monitoring metals and non-metals in biological fluids including
blood plasma, blood spots, and tissues [116-119].

4.3 Triple quadrupole ICP-MS (ICP-QQQ-MS):

Triple Quadrupole ICP-MS (ICP-QQQ-MS) is a form of mass spectrometry that utilizes
two quadrupole mass analyzers in series separated by a collision/reaction cell [120]. These
systems allow for chemical collisions to prevent typical interferences seen in standard ICP-
MS [121]. The use of collision-reaction-cells (CRC) and the implementation of a second
scanning quadrupole in ICP-QQQ-MS stand out as pivotal developments that effectively
eliminate spectroscopic interferences [122].
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In ICP-QQQ-MS, the first quadrupole (Q1) selects precursor ions of a specific mass-to-
charge ratio, which are then directed into the collision/reaction cell. Within this cell, ions can
undergo reactions with a chosen gas, such as removing interferences or inducing predictable
reaction products. The second quadrupole (Q2) analyzes the product ions at extremely low
concentrations, often in the parts per trillion (ppt) or parts per quadrillion (ppq) range for
some elements. By using reaction gases like ammonia or oxygen, ICP-QQQ-MS can break
down or transform interfering species. This allows for the accurate quantification of target
analytes by mitigating typical ICP-MS interferences like polyatomic or the plasma gas

itself [123]. One of the standout features of ICP-QQQ-MS is its versatility in analyzing

a wide range of biological samples, including blood, urine, tissue samples, and even
complex environmental matrices. Its ability to provide precise and accurate measurements
at trace levels makes it particularly valuable in environmental monitoring, clinical research,
toxicology, and food safety testing.

With the average cost of an ICP-QQQ-MS system, like an Agilent 8900, typically

ranging from $400,000 to $700,000 USD depending on the configuration and application
requirements, the complexity of ICP-QQQ-MS systems requiring skilled operators to
optimize the reaction cell conditions and interpret the more complex spectra, and having
potentially longer analysis for reaction gas optimization, ICP-QQQ-MS has disadvantages
for high-throughput or budget-constrained settings.

4.4 Time-of-flight ICP-MS (TOF-ICP-MS):

Time-of-Flight Inductively Coupled Plasma Mass Spectrometry (TOF-ICP-MS) operates on
the principle of ionizing sample constituents within a plasma source, accelerating their ions,
and measuring their time of flight. This time is inversely proportional to the square root

of the mass-to-charge ratio (m/z) and allows for the simultaneous detection of all present
isotopes based on their distinct flight times to the detector in a single measurement [124].
This feature makes it particularly suitable for real-time, comprehensive elemental or isotopic
overview like in environmental monitoring, food safety, forensic studies, and proteomics.
This technique’s high throughput and broad dynamic range facilitate the analysis of
biological samples and plant materials, and it provides insight into trace elements and
isotopic ratios. Unique to TOF-ICP-MS is its non-scanning operation mode which allows

it to excel in applications where rapid, simultaneous multi-element detection is necessary,
which offers timesaving and efficiency improvements over other ICP-MS configurations.

With prices ranging from $500,000 to $800,000 USD and being more complex than
traditional quadrupole or sector field ICP-MS systems, TOF-ICP-MS systems can be less
accessible to labs. Additionally, careful calibration is needed as the broad mass range
covered in each measurement can lead to variations in sensitivity across different elements
and isotopes.

4.5 Laser ablation ICP-MS (LA-ICP-MS):

Laser Ablation Inductively Coupled Plasma Mass Spectrometry (LA-ICP-MS) is an
analytical technique that merges the direct solid sampling capability of laser ablation with
the sensitivity and selectivity of ICP-MS for trace metal(loids) analysis [125]. It works by
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focusing a laser beam onto a sample surface to vaporize a minute area (micrograms of
mass) that creates an aerosol that is then transported into an ICP-MS system for ionization
and mass spectrometric analysis. This process allows for the rapid, in-situ analysis of solid
samples with minimal preparation. One of the primary merits of LA-ICP-MS is its ability
to perform spatially-resolved analyses to create detailed mapping of elemental distributions
within solid biological matrices including human hair, organs, soft tissues, bone, teeth, and
others [126-130], which offers insights into historical pollution levels or dietary habits.

LA-ICP-MS can be susceptible to matrix effects where the composition of the sample

can influence the ablation process and, consequently, the analytical results. Calibration

can also be complex, often requiring matrix-matched standards for accurate quantification.
Furthermore, the initial cost and operational expertise required for LA-ICP-MS can be
significant barriers to its widespread adoption with costs ranging from $400,000 to $700,000
USD.

5.0 Emerging X-ray fluorescence methodologies for metals analyses

This section reviews the most popular XRF spectrometers, their principal energy setups,
function, and limitations and significant advantages, particularly in their application to
biological systems [131]. Figure 1 illustrates some of the major instrumentation differences
between these techniques.

5.1 Energy dispersive XRF (EDXRF):

Energy Dispersive XRF (EDXRF) uses a detector to discern varying energy levels of
characteristic radiation from the sample, creating an XRF spectrum by counting X-rays
at each energy level. However, background noise from scattered radiation complicates the
detection of low-intensity peaks, which creates some accuracy challenges in trace metal
concentrations.

Elemental quantification in EDXRF identifies a sample’s elemental makeup by evaluating
X-ray fluorescence intensities from elemental peaks using comparative standards. EDXRF
has multiple configurations for the x-ray anode, but all essentially act similarly [132, 133].

Most EDXRF devices can measure most elements accurately, but elements lighter than
sodium yield poor results due to their low yield and absorption of photons by air. Lighter
elements are better measured using a vacuum or with a helium purge and a specific

light element detector. EDXRF is preferred for assessing lead levels in blood samples

due to its minimal sample requirement, non-destructive nature, and adaptability. EDXRF
spectrometers are compact, cost-effective (prices range from $50,000 to $200,000 USD),
and straightforward, which make them a preferred choice over other analytical technologies
[2, 63, 66].

5.2 Wavelength Dispersive XRF (WDXRF):

Wavelength Dispersive XRF (WDXRF) spectrometers utilize a crystal to separate various
energy levels. All radiation emitted from the sample is directed onto the crystal, which then
diffracts each energy at different angles [134].
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Both EDXRF and WDXRF allow for the direct analysis of solid materials without damaging
them. However, particularly for analyzing biological specimens, EDXRF is comparatively
more suitable for its efficacy and practicality to WDXRF [135]. The initial setup of a
WDXRF spectrometer shares features with the 2D optical and non-secondary EDXRF
spectrometers, where the sample is exposed to radiation and is then detected [67, 68]. In
WDXRF spectrometry, gas-filled and scintillation detectors are important components due
to their effectiveness in detecting different ranges of X-ray energies since neither type is
fully efficient across the entire energy spectrum of 1 to 20 keV. WDXRF spectrometers
normally consist of a mix of these detectors, including gas-filled, scintillation, and sealed
counters, to ensure a broad and effective detection range [70]. Another key distinction
between the two methods is that EDXRF systems capture the entire spectrum almost
instantly, allowing for the simultaneous determination of a wide array of elements. In
contrast, WDXRF systems collect the spectrum through a sequential process. This method is
not only more time-intensive but also incurs higher costs because of the limited number of
detectors available [136]. Compared with the desktop versions of EDXRF, WDXRF systems
can start around $100,000 up to $500,000 USD. These systems were routinely used in air
filter analysis but have largely been replaced by smaller, more powerful EDXRF devices
[137].

5.3 Micro-beam XRF (u-XRF):

The u-XRF technique offers a non-destructive method to visualize high-resolution spatial
information for each analyzed element [73]. In p-XRF, the X-ray flux is collimated through
an optical arrangement like a pinhole aperture or polycapillary optical system with a
micrometer scale diameter and hits the samples. It then emits fluorescence radiation which
the detector extracts the sample’s elemental information from the absorbed characteristic
X-rays. The projected X-ray beam in this system ranges from 10 pm to 0.1 nm depending on
the focusing optics or pinhole used. p-XRF can also provide 3D elemental profiling through
sequential 2D measurements.

U-XRF can use either synchrotron-based or laboratory-based X-ray production. Synchrotron
radiation (SR) generates powerful emissions including ultraviolet, visible, and infrared light,
producing radiation levels much higher than those found in typical laboratory X-ray sources,
which allow for ultra-low detection limits. The synchrotron beamline essentially reduces

the incoming X-rays to a semi-monoenergetic peak which drastically improves the signal-to-
noise ratio in spectral counts [73, 138]. SR can assess a broad spectrum of elements in
concentrations from 0.01 to 1,000,000 pg/g with high beam alignment accuracy and fine
focus, making it ideal for microanalysis. It has been used for elemental profiling of dental,
skin, breast, and brain tissues [139-141]. Despite these features, analysis is limited due to
their availability and complexities. To resolve this issue, lab-based pu-XRF was developed

to provide similar elemental profiling capabilities and fine resolution with different optical
systems [73].

The key difference between the benchtop and synchrotron-based p-XRF is in the spatial
resolution and beam flux, which ultimately influences detection limits. Synchrotron facilities
use collimators because of the high intensity beams, whereas benchtop systems require

Curr Environ Health Rep. Author manuscript; available in PMC 2026 January 27.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Adesina et al.

Page 8

mono or polycapillary optical systems. Benchtop p-XRF fine-tunes elemental detection
through voltage adjustments and different filters [142] often employing a separate low-
energy detector to detect lighter elements as low as carbon.

The benchtop p-XRF system has already been applied to analyze a some organ tissues,

but not to the same extent that synchrotron has been used [143]. As benchtop p-XRF
continues to develop, it promises to enhance biological and environmental toxicity analysis
and exposure assessment by providing high-resolution and sensitive elemental profiling
using a lab-based setting. Meanwhile, synchrotron-based systems will continue to provide
high precision and sensitivity for trace elemental analysis in biological samples.

5.4 Total Reflection XRF (TRXRF):

Total Reflection XRF (TRXRF) directs a monochromatic X-ray beam at an angle below

the critical angle to minimize background scatter and enhance detection capabilities. The
beam, focused through a slit, is directed unto the specimen support layer and optimally
excites the sample [69, 144]. This technique minimally penetrates the sample support, which
significantly reduces background scatter and in turn enhances detection capabilities (ppb or
less).

TRXREF has limits of detection (LODs) in the range of 0.1 to 10 ppb for many elements
such as lead (Pb), cadmium (Cd), and mercury (Hg), and 10 to 100 ppt for certain elements
like arsenic (As) and selenium (Se). However, TRXRF faces challenges related to sample
preparation, often requiring dissolution which can damage the sample [145]. The samples
typically need to be homogenized and applied to the measurement surface uniformly for
unbiased results. While ICP-MS require several milliliters of solution, corresponding to
milligrams of a biological sample, TRXRF can achieve comparable detection limits (ppb or
even less) using only microliters of solution [146].

Matrix effect removal in TRXRF focuses on minimizing background noise [147]. Biological
samples, often containing low-Z elements, can scatter X-rays intensively which affects
detection limits. Careful sample preparation allows for direct analysis with TRXRF by
requiring only microgram quantities of the sample for multi-element analysis at the same
time [76]. This makes TRXRF suitable for low-mass or liquid biological samples [74].
Similarly to other XRF techniques, using light element detectors without windows and
performing detection in a vacuum enables accurate measurement of lighter elements down to
carbon accurately.

6.0 Analytical features and capabilities of XRF and ICPMS devices

Recent advancements in XRF methodologies have increased detection capabilities,
broadened the spectrum of analyzable sample types, and improved the excitation of electron
shells. The X-ray source configuration played a critical role in this advancement, as
illustrated in Figure 1 [131]. Tables 1 and 2 compare the analytical attributes, merits, and
demerits of various advanced XRF and ICPMS methodologies respectively.
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7.0 Applying spectrometry to assess metals in biological systems

ICP-MS and its variations are the benchmark for trace element analysis due to their
sensitivity and, with sample preparation, homogeneity of measurement. However, advanced
XRF technologies with improved detectors, excitation sources, and data processing now
offer comparable results for many applications. XRF excels in non-destructiveness, minimal
sample preparation, and direct solid sample analysis and offers rapid turnaround and sample
preservation. Handheld XRF provides quick, non-destructive ppm-level results of bulk
measurements whereas portable ICP-MS requires more preparation. For spatial distribution
studies, both XRF and LA-ICP-MS are valid, where XRF offers stable calibrations and
LA-ICP-MS provides more precise sampling areas. The choice between ICP-MS and XRF
depends on study requirements like sensitivity, throughput, and sample integrity. Both
techniques are indispensable for understanding metal dynamics in biological environments.
Tables 3 and 4 highlight recent advancements and biological applications of XRF and
ICP-MS in bio-assessing metals and metalloids in hair, nails, blood, and bone samples.

8.0 Merits and limitations of both instruments

When choosing a quantification method for assessing metals exposures in biological
matrices, both ICP-MS and XRF offer unique advantages and limitations. The decision
between ICP-MS and XRF should be guided by the scientific, practical, and financial
contexts of the research project. Several major factors that influence selection capabilities
are highlighted below:

. Sample integrity: ICP-MS typically requires the sample to be dissolved in
strong acids, a process that destroys the original form of the sample. Conversely,
XRF offers a non-destructive approach [91].

. Throughput and Speed: ICP-MS requires extensive sample preparation,
including digestion or dissolution with strong acids, which can be time-
consuming and requires careful handling to avoid contamination. This
preparation extends the time from sample collection to result. However, once
prepared, it can quickly analyze samples in succession. XRF can deliver quicker
individual sample analysis times due to minimal preparation requirements, which
speed up the overall workflow in settings that demand rapid results [87, 151].

. Benchtop vs. Portable Analyzers: Reliance on sophisticated lab facilities
and preparation means benchtop units are not suitable for most on-site
measurements. Portable XRF analyzers, on the other hand, provide considerable
flexibility by allowing for in-field measurements. Although they do not match
the sensitivity of benchtop models they can provide immediate results which
make them especially useful for preliminary surveys and field studies where
mobility is a key requirement and low concentrations of elements are not a
concern [87, 92, 95, 96, 98, 103, 156, 157, 192].

. Limits of Detection: ICP-MS is renowned for its incredibly low detection limits
(ppt) of almost any element within a sample [46]. XRF generally has detection
limits in the ppm to ppb range but is still effective for broader screening purposes
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where extreme sensitivity is less critical [166]. TRXRF can reach ppt-level
detection but only for liquid samples [193].

. Required Expertise: ICP-MS requires specialized expertise for both instrument
operation and complex sample preparation. XRF’s simpler operation and lower
training requirements make it more accessible for routine use by a broader range
of personnel.

. Cost: The operational costs and initial investment associated with ICP-MS
are significant, encompassing a high initial investment (typically $200k-$500k)
in equipment but also ongoing expenses for consumables, maintenance, and
operation within a controlled lab environment. XRF is generally less expensive
(typically $30k-150Kk), requiring fewer consumables and less specialized training,
making it a more cost-effective option for routine analyses.

9.0 Conclusion and Future Prospects

This review explored the strengths and limitations of ICP-MS and XRF technologies for
quantifying metals in biological samples. ICP-MS is acclaimed for its ppt sensitivity,
making it indispensable for toxicological studies and environmental monitoring; however,
its complexity, cost, and extensive sample preparation can limit its applicability where rapid
turnaround or sample preservation is necessary. XRF stands out for its non-destructive
nature and minimal sample preparation, allowing rapid, on-site analysis within seconds to
minutes. This makes XRF advantageous for field studies, preliminary surveys requiring
immediate results, and studies where extreme trace detection is not critical.

Factors like sensitivity, precision, speed, cost-efficiency, and the physical nature of the
samples should guide the choice between these technologies. For instance, portable XRF
devices offer mobility and ease of use for in-field applications but are less sensitive than
ICP-MS. Conversely, ICP-MS systems and their high cost, power needs, time-consuming
sample preparation, and slower speed, are better suited for detailed quantitative analysis in
controlled laboratory environments.

The use of these analytical techniques will improve health risk assessments, environmental
monitoring, and the diagnosis and treatment of metal-related diseases. While both ICP-MS
and XRF have distinct advantages and limitations, their continuous development is crucial
for meeting the growing demands of scientific research and public health, enhancing our
understanding of metal dynamics in biological and environmental systems.
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