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Where Spectroscopy Is Heading 

W e are pleased to present here part II of our celebration of Spectroscopy’s 35th year of 

publishing. For this special coverage, we asked leading spectroscopists to share their 

perspectives on a range of spectroscopic techniques and applications. Their ar ticles, 

split between the June and July issues, highlight important developments, look at opportunities, and 

consider what challenges must be overcome for future advances. We hope that these contributions—26 

in total over the two issues—give you a good sense of the current state of analytical spectroscopy, and 

what the future might hold. 

One theme that arose naturally in pulling together these articles is the contributions that various 

spectroscopic techniques can make in biomedical applications. In this issue, Katsumasa Fujita of Osaka 

University starts this off with a look at biomedical Raman imaging. Frank Vanhaecke of Ghent University, 

in turn, highlights the power of multicollector inductively coupled plasma–mass spectrometry (MC-

ICP-MS) for isotope metallomics. Vincent Motto-Ross of the University of Lyon, with collaborators from 

medical institutions, illustrates the advance of laser-induced breakdown spectroscopy (LIBS) imaging 

into clinical diagnostics. Gunda Koellensperger and colleagues at the University of Vienna explain the 

central role that ICP-MS is playing in addressing the metallome at the single-cell level.

Nanoscale measurements with ICP-MS is another theme. John Olesik of the Ohio State University 

assesses progress in the use of single-par ticle ICP-MS for the analysis of engineered and natural 

nanoparticles, and the factors that can affect measurement accuracy. Joerg Bettmer and colleagues at 

the University of Oviedo discuss the challenges of analyzing the smallest of nanoparticles and potential 

strategies to overcome those dif ficulties.

With a look at instrumental developments, Steve Buckley of Ocean Insight, who is also our “Lasers 

and Optics Interface” columnist, summarizes recent advances in light sources for spectroscopy, discuss-

ing where further developments are expected and the broader impact on instruments and applications. 

Richard Crocombe, in turn, assesses the future of portable spectroscopy. 

Addressing the use of spectroscopy in forensics, Brooke Kammrath of the University of New Haven 

explains how the combination of spectroscopy and microscopy can advance the analysis of forensi-

cally relevant traces. Diana Wright of the FBI discusses ef forts to develop more uniform comparison 

language in forensic science reporting. 

Taking a broader view, Gary Hieftje considers the current and future status of atomic spectroscopy, 

with an ominously titled article (“Is the End Near?”). In a companion piece, Rick Russo asks what must 

be done to ensure sufficient funding for the next generation of atomic spectroscopists. 

Burkhard Beckhoff of Physikalisch-Technische Bundesanstalt wraps up our special coverage with a 

discussion of an application with broad potential impact in our modern lives: the use of X-ray spec-

trometry to investigate aging mechanisms in the high-energy-density battery materials that will power 

important devices in the future.

Anniversaries cause us to reflect on how far we have come, where we stand, and where we are going. 

The articles in our two anniversary issues do exactly that—highlighting important accomplishments as 

well as significant challenges that remain. Based on what I have seen so far, I believe that the spectroscopy 

community will embrace the opportunities of today, to bring even more exciting advances tomorrow.
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SPECIAL FEATURE

Celebrating 35 Years  
of Spectroscopy

In celebration of Spectroscopy’s 35th Anniversary, leading spectroscopists discuss important issues and 
challenges in analytical spectroscopy.

A Further Leap of  
Biomedical Raman Imaging
Katsumasa Fujita

In the past decades, we have witnessed 
the evolution of imaging technologies 
based on vibrational spectroscopy. In 
particular, the technical developments 
in Raman, coherent anti-Stokes Raman 
spectroscopy (CARS), and stimulated 
Raman scattering (SRS) microscopy 
allow researchers to gain new insights in 
biological, medical, and pharmaceutical 
studies. Although the concept of Raman 
imaging was proposed many years ago, 
the evolution in ultrafast laser technolo-
gies, high-sensitivity detectors, and ultra-
fine optical components provided ways 
to boost the weak Raman signal so that 
we can fully utilize the power of Raman 
spectroscopy in microscopy analysis.

Raman imaging has already been rec-
ognized as a new imaging modality in 
research fields that can compensate for 
the biological information lost in the ob-
servation using conventional techniques. 
The capability of detecting molecular vi-
brations in Raman microscopy has enabled 
label-free imaging of sample morphology 
in three-dimensional (3D) and compre-
hensive analysis of intrinsic molecules. 
These characteristics allow the investiga-
tion of untreated biological samples under 
physiological conditions, leading toward 
the realization of anticipated biomedical 
applications, such as intraoperative rapid 
diagnosis and tissue or cell qualification 

for regenerative medicine and drug dis-
coveries. Raman microscopy provides 
unexplored spectroscopic insights into 
biological samples that attract scientists 
to invent new tools for biomedical studies. 

Raman microscopy has brought new 
strategies for labeling molecules. Func-
tional groups that exhibit Raman peaks 
in the so-called silent region can be 
used to label small molecules and ob-
serve them by Raman microscopy. Small 
molecules, such as nucleic acids, lipids, 
drugs, and so on, were not observable 
using fluorescent probes, which are 
typically larger than the targets. Further-
more, the narrow emission spectrum of 
a Raman tag has enabled super multi-
plex imaging of intracellular molecules 
or structures. The Raman tag technique 
expanded the toolkit for imaging mol-
ecules in biological samples.

Currently, we have several different 
tools for Raman imaging, but still need 
technology developments, especially 
improvements in sensitivity. Although 
there are many techniques for boosting 
the signal, detecting low concentration 
molecules (<100 µM) is difficult. Using 
surface-enhanced Raman scattering 
(SERS) would be a promising route to 
enhance sensitivity. However, the fluc-
tuation of signal intensity and Raman 
peak positions hinders the expansion 
of applications. This issue might be 
solved by using the power of compu-
tation that is continuously being devel-
oped. Increased computational power 

also benefits the interpretation of 
complex Raman spectra from biologi-
cal samples, and, for this purpose, it is 
necessary to build a reliable database 
of Raman spectra of biological samples 
in various layers, from molecules to tis-
sues. The recent development of quan-
tum cascade lasers has made it easy to 
perform infrared absorption imaging, 
which might be a solution for detect-
ing low-concentration molecules using  
vibrational contrasts.

Another important issue in Raman mi-
croscopy is usability. Many studies using 
Raman spectroscopy or microscopy re-
quire professionals in spectroscopy for 
the operation of instruments and inter-
pretation of spectra. The cost of Raman 
microscopes is relatively high (especially 
to buy or even build coherent Raman mi-
croscopes). Technology developments 
for low-cost Raman microscopes and 
improving usability, including develop-
ment of spectral databases and spec-
trum analysis software, are important to 
enable biomedical Raman imaging to 
leap forward to become a standard tool 
in biomedical science and industry.

Katsumasa Fujita 
is a professor in 
the Department of 
Applied Physics at 
Osaka University, 
in Osaka, Japan. 

Direct correspondence to fujita@
ap.eng.osaka-u.ac.jp

mailto:fujita@ap.eng.osaka-u.ac.jp
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SPECIAL FEATURE

The Future of Portable  
Spectroscopy
Richard Crocombe

Portable spectroscopic instruments 
have not had significant visibility 
within the scientific community com-
pared with, for instance, the current 
generation of high-performance lab-
oratory mass spectrometers. This is 
attributable to a number of reasons, 
including their very applied (as op-
posed to research) nature, resulting 
in few publications in the refereed 
literature, and their predominant 
use by non-scientis ts. The num-
bers of these instruments deployed 
today can therefore come as a sur-
prise. For instance, as early as the 
1990s, more than 60,000 ion mobility 
spectrometers (IMS) were deployed 
worldwide. Cumulative handheld 
X-ray fluorescence (XRF) shipments 
today total more than 100,000, and 
portable Raman shipments number 
in the tens of thousands. For these, 
and some other categories of por-
table spectrometers, there are more 
instruments in the field than there are 
in laboratories.

The rationale for por table and 
handheld spectrometers is simple: 
allowing the spec trometer to be 
taken to the sample, as opposed to 
bringing the sample to the spectrom-
eter, thereby moving the laboratory 
to the point of need—the location 
of the sample. Portable instruments 
provide the ability to make informed 
decisions on the spot, and by rap-
idly delivering ac tionable results 
at the point of need, you change 
or transform the way the customer 
does business, whether a hazard-
ous materials (hazmat) technician, 
a scrap metal dealer, personnel in 
pharmaceutical manufacturing, or 
the military. To generate these ac-
tionable answers, the developers of 
these instruments have put extensive 
resources into reliable identification 
algorithms, spectroscopic libraries 

or databases, and qualitative and  
quantitative calibrations. 

These instruments have dramati-
cally increased their capabilities over 
the past 20 years, while at the same 
time becoming smaller and lighter. On 
one hand, this is due to all the devel-
opments in consumer electronics and 
computing power, and, on the other, 
to ongoing research and development 
(R&D) and manufacturing experience 
and innovation in the companies pro-
ducing the instruments. Nonetheless, 
some challenges remain, and, as an 
example, we can look at portable 
Raman spectroscopy, especially in its 
safety and security applications.

All Raman spectroscopists, no mat-
ter what kind of samples they deal 
with, are aware of the potential for 
fluorescence inference. Excitation at 
785 nm has been a good compromise 
between long and short wavelength 
excitation while still using lower cost, 
and lower noise, silicon-based detec-
tors. There has been a recent trend to 
move to 1064 nm excitation, although 
a penalty is paid in terms of measure-
ment time for comparable signal-to-
noise spectra. Deep-ultraviolet (UV) 
excitation is intriguing, especially for 
standoff detection, but brings along 
its own issues, and obviously does 
not work with glass containers. Vari-
ous shifted-excitation schemes are 
also in use, and time-gating is com-
mercially available in a laboratory 
instrument. It’s not clear if there is a 
“best approach,” or what a universal 
solution, could be.

Standoff detection is of obvious 
benefit for the military and other 
practitioners dealing with potential 
explosives or highly toxic materi-
als. Truck- and backpack-mounted 
instruments have existed for some 
time, often using deep-UV excitation, 
which has the benefit of being able 
to use solar-blind detectors. But this 
technology is still relatively immature, 
and has issues related to the lifetime 
of key components. A handheld spec-

trometer operating at 830 nm excita-
tion, capable of a one-meter standoff, 
has recently been announced, and 
that represents the first true handheld 
device of this kind. Sample heating is 
a concern for potentially explosive 
samples, as is the pressure required 
to obtain good spectra using porta-
ble Fourier-transform infrared (FT-IR) 
instrumentation with diamond attenu-
ated total reflectance (ATR) sampling. 
Sample heating is being addressed in 
schemes involving motion of the laser 
spot over the sample.

Real-life samples are most often 
mixtures, and this challenge is being 
addressed with a combination of li-
brary and algorithm development, 
aided by improvements in mobile 
processing power and memory, and 
also with the possibility of wireless 
communications and cloud process-
ing. Finally, examination of a sample 
contained in packaging is desirable, 
in areas as different as pharmaceuti-
cal incoming raw material inspection, 
smuggling of contraband into prisons, 
and detection of potential explosives 
at airport checkpoints. Spatially-offset 
Raman spectroscopy can address that 
issue for many packaging materials 
(not metals, though!), and other meth-
ods have been developed.

Finally, the shrinking size and in-
creased performance of these Raman 
instruments lends them to “hyphen-
ation” or “combination” with other 
portable spectrometers. A combined 
Raman–FT-IR instrument has been 
on the market for several years now, 
but combinations like Raman–NIR, 
Raman–XRF, and Raman with laser-
induced breakdown spectroscopy 
(LIBS) are also possible. Indeed, 
the next year or two should see the 
launch of both U.S. and European 
Mars missions, with Raman and LIBS 
capabilities, a fantastic example of 
portable and standoff spectroscopy. 
We shouldn’t forget that a gas chro-
matography–mass spec trometr y 
(GC–MS) instrument was on a Viking 
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mission to Mars in the late 1970s, and 
that FT-IR instruments were on the 
two Voyager missions, launched in 
late 1970s, continuing on their plan-
etary tours throughout the 1980s. 
Hyperspectral instruments have also 
been shrinking in size, especially 
those based on silicon detectors. 
Handheld and drone-mounted ver-
sions are now available, and we will 
can anticipate increasing applications 
of those instruments in the future.

So we can expect to see develop-
ments in all of these areas, and also 
significant diminution of the size of 
these instruments. Today, a Raman 
instrument about 1” x 1” x 1” in size 
is possible. This is a far cry from the 
scanning tr iple monochromator, 
argon ion excitation, photomultplier 
detection, and chart paper output 
instrument I used for my PhD studies!

All of the capabilities described 
above come from instruments de-
veloped by the major analytical in-
strument companies, or by smaller 
companies and institutions under 
government contracts. Recent years 
have seen the star t of a new mar-
ket segment, enabled by the very 
low cost of ambient temperature, 
silicon-based, detectors, especially 
the cameras in smartphones. Small, 
por table, low-cost spectrometers 
operating in the visible region have 
been available for many years, used, 
for instance, in colorimetric analysis 
of water, and color matching (such 
as paint). One research thread has 
been to investigate whether existing 
clinical analyses and assays can be 
adapted to smartphones, enabling 
this work to be done at the point-
of-care, potentially in remote areas 
with very limited infrastructures. This 
research leverages existing “chemis-
tries” (that is, established reagents 
and procedures), microfluidics, and 
both the spectroscopic potential of 
smartphone cameras, and their inher-
ent processing power and communi-
cations abilities. This was the topic 
of a recent Pittsburgh Conference 
Symposium, organized by the Soci-

ety for Applied Spectroscopy (SAS). 
Also featured in that symposium was 
a detailed description of the capabili-
ties of smartphone cameras, and what 
is required to obtain good spectro-
scopic data from them. This leads to 
the possibility of scientific organiza-
tions equipping members of the pub-
lic with accessories and software for 
their phones, and then coordinating 
“citizen science” studies involving 

thousands of people. Work is going 
on in this area in The Netherlands, fol-
lowing on from a project a few years 
ago measuring atmospheric aerosols, 
in which over 3000 members of the  
public participated.

However, there are also new com-
panies marketing devices in the vis-
ible-to-~1000 nm region directly to 
the public, and making wide claims 
about their analytical capabilities. 
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Although there is obviously inter-
est in the general public to be able 
to analyze materials, including food 
and medicines, there are numerous 
significant issues here. The first is 
whether there is appropriate informa-
tion in the spectral region covered. 
You can obviously match colors, and 
you can certainly examine classes of 
compounds like lycopenes and carot-
enoids in fruits and vegetables. But 
general food analysis has tradition-
ally used the near infrared, especially 
the 1000 – 1700 nm region, where 
overtone and combination bands are 
much stronger. (This author has even 
seen a claim to assay gold using a 
low cost visible spectroscopy device, 
something that is straightforward 
using handheld or por table XRF, 
but impossible in the visible region 
of the spectrum!) Second, foods, in 
particular, are highly heterogeneous, 
and laboratory instruments typically 
employ large sample areas, of ten 
combined with sample spinners or 
integrating spheres for their mea-
surements. Third, the interrogation of 
foods using a handheld instrument, 

especially by an untrained operator, 
can be highly irreproducible, giv-
ing erroneous results. Fourth, years 
of experience in the near-infrared 
community have shown the need for 
careful and validated calibrations, to 
eliminate the possibility of acciden-
tal correlations when limited sample 
sets are used. Fifth, some of these 
new vendors seem to be relying on 
“crowd-sourced” data. Sixth, there 
seems to be a lack of understanding 
about the possible detection limits 
of optical spectroscopy in the con-
densed phase, with claims to detect 
trace amounts, such as allergens, 
pathogens, pesticide and herbicide 
residues, and so on. With all the is-
sues noted above, and the lack (most 
likely) of reference analyses, the po-
tential for “garbage in, garbage out” 
analyses is extremely high. This list of 
caveats can go on and on, but suffice 
it to say this is an area of concern, with 
the potential to mislead the general 
public, with even fatal consequences.

To sum up, portable and handheld 
spectroscopy is a rapidly growing 
area, with instruments spanning the 

electromagnetic spectrum from the 
X-ray region to the mid-infrared, and 
ranging in techniques from GC–MS to 
nuclear magnetic resonance (NMR) re-
laxometry. Instruments are becoming 
smaller, lighter, and more capable, but 
we still have to understand the basic 
analytical spectroscopy concepts of 
sampling, heterogeneity, detection 
limits, signal-to-noise, and so on. 

Further Reading
This short article does not contain 
any references; for those the reader is 
directed to this author’s recent review 
article: Richard A. Crocombe, “Porta-
ble Spectroscopy”, Appl. Spectrosc. 
72(12), 1701–1751 (2018). https://doi.
org/10.1177/0003702818809719
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Light Matters . . . 35 Years of 
New Sources for Spectroscopy
Steve Buckley

On the occasion of Spectroscopy’s 35th 
birthday, I thought it would be an in-
teresting opportunity to consider the 
amazing explosion in light sources for 
spectroscopy over the last few decades. 
There has been a proliferation of form 
factors, with new wavelengths and a 
substantial increase in portability. Com-
paring what we had in my well-funded 
graduate research laboratory in the early 
1990s to today makes me realize just how 
far we have come, and what enablers 
these sources are for spectroscopists. 

LEDs
Although light-emitting diodes (LEDs) 
were developed at General Electric and 
Texas Instruments in the early 1960s, 

beyond the low-power, standard red 
version, it wasn’t until the early 1990s 
that they were commercially available in 
numerous wavelengths. Now, they are 
widely used in video displays and home 
lighting, and infrared LEDs are used in 
remote control units for televisions and 
numerous other formats. The evolution 
of the LED for spectroscopy was impor-
tant enough that it was a focus of the 
very first issue of Nature Photonics in 
January 2007, where it was noted that the 
Moore’s Law analogy for LEDs, Haitz’s 
Law, had been successfully predicting a 
20x increase in light output and a 10x de-
crease in cost each decade. Continuous 
improvement on the ultraviolet (UV) end 
of the wavelength range, in particular, 
has been a boon for spectroscopy.

High-power, spectroscopically useful 
LEDs are now found from the UV (around 
260 nm) all the way through the near-in-

frared, with a variety of spectral shapes. 
Suppliers such as Thorlabs, Mightex, 
and Ocean Insight offer packaged ver-
sions of LEDs with increasingly sophisti-
cated controllers (including, for example, 
modulation), while manufacturers such as 
Marubeni, Osram, and Marktech, among 
many, supply LEDs in a variety of stan-
dard formats. Typical power is in the 10s 
of mW for the in the 250–350 nm range 
and above 1000 nm, but can be 500–
1500 mW between 350–1000 nm. LEDs 
are increasingly packaged for mobile and 
industrial sensors, favored for their long 
lifetime and high brightness.

 
Quantum Cascade Lasers
Perhaps no single light source has as 
much promise right now as quantum 
cascade lasers, which were first dem-
onstrated at Bell Laboratories in 1994. 
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FIGURE 1: Colorectal cancer imaging using a quantum cascade laser and a ran-
dom forest (machine learning) classifier.  Red indicates tumor cells, magenta, 
necrotic regions, and yellow, infiltrating inflammatory cells. From reference 
(2), figure unchanged, shared under the Creative Commons Attribution 4.0 
International License, https://creativecommons.org/licenses/by/4.0/

between about 4 and 12 micrometers 
with a tunable, coherent source has 
unleashed a powerful tool, particularly 
useful for gas analysis. Because these 
wavelengths correspond to fundamental 
molecular vibrations that strongly absorb 
in relatively simple molecules, detection 
limits can be quite low. The collimated 
laser is particularly useful for application 
in long-path gas cells and in open-path 
gas monitoring, as well as for integration 
in standoff or microscope systems. New 
materials and variation in the design of 
the active region have been continuously 
pushing the boundaries of wavelength 
coverage and performance for quantum 
cascade lasers.

Alpes Lasers, AdTech Optics, and 
Stratium can supply a variety of quan-
tum cascade lasers, with particular wave-
length ranges and standard packaging. 
Block Engineering and Daylight Solu-
tions provide commercially packaged 
lasers integrated into devices, including 
microscopy and gas detection applica-
tions. Figure 1 illustrates the use of a 
Spero QT quantum cascade laser-based 
infrared (IR) microscope (Daylight Solu-
tions) in combination with a classification 

model for colorectal cancer to reveal 
tumor cells, dead tissue, and inflamma-
tory response. This work by the group 
of Klaus Gerwert from Ruhr University in 
Germany illustrates the unique advan-
tages of a tunable mid-IR source over the 
traditional globar used in Fourier-trans-
form IR (FT-IR) applications. Similarly, the 
LaserWarn fenceline monitoring system 
(Block Engineering) can scan open paths 
up to 500 m, and has gas detection lim-
its in the mid-parts-per-billion range for 
toxic industrial chemicals.

Terahertz Sources 
Terahertz radiation has been studied for 
a long time, but traditionally has been 
generated either by microwave sources, 
which have relatively low output power, 
or by high power (but quite expensive) 
sources, such as free electron lasers and 
synchrotrons. Such sources have been 
great for research, but are too large for 
practical applications. More recently, 
the use of photoconductive antennas 
on semiconductor materials for terahertz 
generation has become popular. With a 
pair of laser diodes, a continuous wave 
can be formed with the difference fre-

quency between the two pump lasers. 
Tuning the pump lasers can result a 
spectrally pure continuous wave source. 
Alternatively, a femtosecond laser (typi-
cally a fiber laser) can be used to produce 
a broadband terahertz source. Both of 
these methods can be relatively inexpen-
sive and relatively high-power. Recently, 
quantum cascade lasers have also be-
come available that can reach into the 
terahertz range.

Menlo Systems and Toptica Photon-
ics are two of the more prominent manu-
facturers of packaged terahertz sources 
based on photoconductive antennas, 
while LongWave Photonics develops 
terahertz systems around their quantum 
cascade laser platform.

Optical Parametric Oscillators 
This class of devices began to emerge 
in the mid-1990s. Using a doped crystal 
such as periodically-poled lithium nio-
bate (PPLN), a continuous pump beam 
can be separated into two distinct wave-
lengths, and tuned, depending on cav-
ity configuration. PPLN is high efficiency, 
and can generate tunable, high energy 
continuous output in the visible (roughly 
400–700 nm) and IR (roughly 1.1–4.5 
micrometer) regions. Spectra-Physics 
and Coherent each make popular OPO 
modules. These are confined to the labo-
ratory because of their relatively sensi-
tive nature and need for relatively large 
pump lasers, but their large tuning range 
and versatility have helped them largely 
supplant dye lasers for narrow-linewidth 
tunable sources for research.

Supercontinuum Lasers
Supercontinuum sources are most typi-
cally based on ultrafast fiber lasers pump-
ing specialty fiber, designed such that a 
combination of stimulated Raman scat-
tering and soliton effects combine to 
produce very spectrally broad output. 
Typical output can be from around 420 
nm to more than 2 micrometers. Super-
continuum sources have a laser-like beam 
quality, pointing stability, and very high 
brightness. Shot-to-shot, the spectral 
shape is typically very repeatable, so, in 
some ways, they are like broadband lamps 
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turned into lasers. They are becoming 
broadly available from suppliers such as 
NKT Photonics, Leukos Lasers, Fyla, and 
Thorlabs. Research is pushing the bound-
aries to move supercontinuum sources to 
shorter (sub-400 nm) wavelengths.

Summary
Certainly, the advances we have seen here 
are heavily dependent on developments in 
semiconductors, crystals, and fiber sources. 
We can certainly count on continued ad-
vances in these areas (per Haitz’s Law, for 
example), but also in miniaturization and im-
provements in packaging. These, together 
with concurrent improvements in battery 
technologies, will allow increasing applica-
tions in mobile and remote sensing. This 
trend can only accelerate.

It’s tempting to forget how quickly 
things change—including how quickly 
our tools have changed in spectros-
copy over time. None of the aforemen-
tioned systems was commercially avail-
able for spectroscopy at the founding 
of Spectroscopy 35 years ago, with 
the possible exception of terahertz 
systems, but in a very different form. 
From broadband, inexpensive LEDs 
spanning the spectrum to quantum 
cascade lasers and supercontinuum 
sources, things really have changed in 
the last three decades. These tools are 
driving new discoveries and making it 
into new instruments. Further, the tools 
of tomorrow are on the drawing boards 
and in laboratories today. I cannot wait 
to find out what new toys we’ll have to 

play with 35 years hence. Meanwhile, 
Happy 35th birthday, Spectroscopy 
magazine!
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Single-Cell Analysis by 
ICP-MS—Current Status 
and Future Trends
Anna Schoeberl, Sarah Theiner, 
and Gunda Koellensperger

Single-cell analysis is important in biol-
ogy and medicine, because it takes into 
account cell heterogeneity and cellular 
dynamics, which are governed by cellular 
crosstalk and the vicinity of cells. Thus, 
it is of utmost importance to obtain not 
only information about the heterogeneity 
of a cell population, but also about their 
spatial arrangement. In the postgenomic 
area, exciting strategies of single-cell (SC) 
analysis based on mass spectrometry 
have emerged, with inductively coupled 
plasma–mass spectrometry (ICP-MS) 
playing a central role to address the 
metallome at single cell level.

Single-Cell Analysis in  
Solution by ICP-MS
The seeds for this research theme of 
ICP-MS were already sown more than a 
decade ago. Indeed, in 2008, Haraguchi 
and coworkers attempted to measure 
the metallome of individual cells (1). In 
this pioneering study, around 70 stable 
isotopes of different elements were de-
tected in large salmon egg cells (mm 

diameter). Since then, the technological 
development has been disruptive, now 
permitting the measurement of single 
cells with diameters in the µm range in 
a high throughput manner. A milestone 
in this regard has been the introduction 
of mass cytometry, where metal-labeled 
antibodies have enabled the measure-
ment of biomolecules (proteins, RNA) 
in individual cells by ICP-time-of-flight-
MS (ICP-TOF–MS). Today, this is the only 
single-cell mass spectrometry technol-
ogy mature enough to be applied in 
large scale multicenter clinical studies. 
On the other hand, especially when aim-
ing at measuring the metallome (that is, 
the trace metal content, the accumulation 
of toxic metals, or metal-based drugs) of 
single cells, we still encounter technical 
challenges. Specifically, methodological 
aspects of measuring cells in suspension 
that need to be addressed include: (1) 
true multi-element capability; (2) sample 
preparation; (3) sample introduction; and 
(4) cell size determination and quantifica-
tion strategies (see Figure 1). In the fol-
lowing, we give a brief summary on the 
state-of-the-art regarding these aspects. 

Multi-element analysis. A cell event 
typically ranges in the time frame of 300 
to 500 µs. The settling time of sequential 
scanning-type ICP-MS (quadrupole or 

sector-field mass analyzers), which can 
vary between 0.01 and 5 ms, limits their 
ability to monitor multiple nuclides during 
signal pulses of single cells. As a conse-
quence, a number of single-cell studies 
reported detection of only one element 
or isotope in the short transient signal of 
individual cells, which limited the impact 
of the analysis in the respective field of 
application (such as toxicity of nanopar-
ticles or metal-based drug uptake) (2,3). 
To obtain multi-elemental readouts per 
cell, ICP-TOF–MS instruments are the in-
struments of choice. These instruments 
allow the quasi-simultaneous detection 
of all elements of the periodic table in a 
single cell (4,5). In mass cytometry, mostly 
the CyTOF instrument from Fluidigm is 
used, which is a specialized instrument 
designed for single-cell analysis and mul-
tiplex imaging after antibody labeling that 
allows the detection of all elements with 
m/z values between 75 and 209. The icp-
TOF system from TofWerk AG addition-
ally allows the detection of biologically rel-
evant elements of the lower mass range 
(m/z = 14–256). 

Sample preparation. Prior to analyz-
ing cell samples, typically different sam-
ple preparation steps are applied to the 
sample, including washing, fixation, per-
meabilization, incubation with drugs, and 
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antibody tagging. All those steps have a 
potential risk to damage or destroy the 
cells, leading to a probable loss of nonco-
valently bound elements in the cells. Up 
to now, the impact of sample preparation 
on elements present in the cell has not 
been comprehensively investigated.

Sample introduction. The term trans-
port efficiency describes the portion 
of cells entering the plasma. As a major 
drawback, it is correlated to the size of 
cells, which makes the unbiased measure-
ment of heterogenous cell populations 
differing in sizes a challenge. This bias is 
more pronounced with overall low trans-
port efficiencies. In classical ICP setups, 
transport efficiencies of only less than 1% 
could be achieved. Nowadays, transport 
efficiencies of >50 % are routine (6,7). The 
improvements were obtained by using 
full-consumption spray chambers and ef-
ficient nebulizers optimized for low flow 
rates. Finally, autosamplers enable gentle 
resuspension of cells immediately prior  
to measurement.

Cell size determination and quantifi-
cation strategies. Assessing cell size is a 
prerequisite when comparative elemental 
single-cell analysis is performed. In fact, 
the amounts of elements in a cell are 
regulated by the cell homeostasis mecha-
nisms only in terms of concentration (8). 
Thus, cell size determination is not only a 

prerequisite for absolute quantification of 
intracellular concentrations, but also in the 
case of multiparametric readouts obtained 
in mass cytometry, knowledge of cell size is 
of paramount importance. There are only 
a few studies existing so far that deal with 
cell sizing in single-cell ICP-MS (SC-ICP-MS) 
(9–11). Examples for cell size markers are 
osmium (or ruthenium) tetroxide or wheat 
germ agglutinin (WGA). Besides normal-
ization for cell size, standards are required 
to perform absolute quantification of ele-
ments. In SC-ICP-MS, usually liquid elemen-
tal standards with a known concentration 
are used, which are measured equally to 
the cell samples (12). By taking into account 
the transport efficiency (determined by 
polystyrene beads doped with metals or 
nanoparticle solutions), the measured inten-
sity of a cell event can be extrapolated to 
the concentration of an element in a single 
cell. Suitable validation of such quantifica-
tion exercises is still under debate.

Single-Cell Analysis by LA-ICP-MS
Laser ablation (LA) is a versatile introduc-
tion system for ICP-MS and fit-for-purpose 
for single-cell analysis, because it is char-
acterized by a spatial resolution down to 
the sub-μm level, limits of detection at the 
sub-μg/g level, and the ability to selectively 
target and identify individual cells and com-
ponents. During the last decade, advances 

in the development of low-dispersion abla-
tion cells and laminar aerosol transport sys-
tems have significantly improved sample 
throughput and made (intra-)cellular im-
aging feasible at lateral resolutions on the 
order of 1 μm (13,14). As a result, the concept 
of biomarker detection in mass cytometry 
could be successfully expanded to imaging 
mass cytometry, making it possible to spa-
tially map the microenvironment of hetero-
geneous cell populations. In general, single-
cell applications by LA-ICP-MS require (a) 
high spatial resolution, (b) enough sensitivity 
to detect analytes, (c) high sample through-
put and (d) appropriate quantification strat-
egies (see Figure 1). Again, despite exciting 
progress, there is space for improvement 
regarding these four key analytical figures of 
merit to make quantitative, highly resolved 
elemental bioimaging on single cell level a 
routine application. 

Spatial resolution. Commercially avail-
able laser ablation systems provide spot 
sizes down to 4–1 μm. For imaging mass 
cytometry, where lanthanide-tagged an-
tibodies are employed to visualize bio-
markers, scanning of tissue samples with 
a laser spot size of 1 μm is standard (15). 
In a recent report, the features of a low-
dispersion ablation cell are described with 
a spot size of 0.6 μm in diameter on the 
sample surface, which opens the way for 
subcellular imaging capabilities (16). An-
other strategy to improve spatial resolu-
tion can be achieved by overlapping spot 
sizes and line scans and the application of  
deconvolution approaches (17,18). 

Sensitivity. Limits of detection are in the 
sub-μg level for most elements using LA-
ICP-MS; however, there is always a trade-off 
between spatial resolution and sensitivity. 
Aiming at single-cell imaging, many stud-
ies have focused on the detection of ex-
ogenous elements from the higher mass 
range resulting from treatment with metal-
lodrugs, from nanoparticles or environ-
mental sources. Provided that biologically 
relevant elements are present at sufficient 
concentration, they can be detected by LA-
ICP-MS at the single-cell level (19).

Sample throughput. Low dispersion LA 
systems provide pixel-resolved imaging of 
biological samples of up to 500 kHz com-
pared to a few Hz to 20 Hz, which was the 
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FIGURE 1: Challenges in ICP-MS–based single-cell analysis by the two comple-
mentary workflows: imaging and analysis of cell suspensions.
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standard of conventional LA systems a few years ago. This significant 
decrease in analysis time makes it feasible to analyze a sufficient 
number of cells in a reasonable timeframe (reported numbers are 
in the range of 500 to 2000 cells per h). Apart from imaging, another 
approach for single-cell analysis by LA-ICP-MS relies on the quanti-
tative ablation of each individual cell by one laser shot (20,21). In this 
case, the ablation of one cell takes only 10 to 20 ms; however, the 
acceleration, travel time, and deceleration of the translation stage 
limit the speed of analysis, and automatic cell recognition software 
is still not routinely implemented in LA systems. Bidirectional area 
scanning can additionally decrease the analysis time significantly, 
and was used for the three-dimensional mapping of an iridium-
intercalator of HeLa cells on single cell level (22).

Quantification strategies. For LA-ICP-MS, accurate quantifica-
tion is challenged by the limited availability of commercially available 
and suitable certified reference materials and calibration standards 
for bioimaging applications. Therefore, quantification approaches 
are based on matrix-matched standards and in-house developed 
protocols that include the preparation of tissue-type sections, 
gelatin-based standards, ink-printed standards, or isotope dilution 
strategies (23,24). Validation is performed by bulk ICP-MS analysis of 
the (homogenized) tissue sample or pooled cells after acid-assisted 
digestion. Other validation strategies rely on a second calibration 
strategy or on complementary analytical modalities (such as flow cy-
tometry in the case of imaging mass cytometry [25] or synchrotron-
based X-ray fluorescence for LA imaging [24]). 

Conclusions and Outlook
Technological advancements for single-cell analysis by (LA-)ICP-MS 
have accelerated in recent years, leading to emerging applications 
in medicine, biology, environmental research, and drug develop-
ment. (Imaging) mass cytometry is already a refined single-cell tech-
nique showing all required features to be used as clinical diagnostic 
aid. Additionally, the latest developments have enabled a broader 
scope of elemental single-cell analysis by (LA-)ICP-MS. Promising 
proof-of-principle studies have shown applications ranging from 
nanoparticle accumulation and toxicity studies and metallodrug 
development to the assessment of the full metallome in a single 
cell. Despite the fact that most of these studies are currently rather 
at the idea level of application, we are quite confident that soon 
technical improvements will enable larger scale biological and  
biomedical studies. 
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FIGURE 1: (a) Processes to convert a particle suspended in liquid into ions in 
the ICP. (b) Signal from one nanoparticle and same element in solution (dis-
solved). (c) Signals from 10 nanoparticles.

Single Particle ICP-MS:  
From Engineered Nanoparticles 
to Natural Nanoparticles
John W. Olesik

Single-particle inductively coupled 
plasma–mass spectrometry (spICP-MS) 
is becoming widely used to measure the 
number of nanoparticles (or other sub-
micrometer–sized particles) per mL with 
a particular elemental chemical compo-
sition and the average particle size (di-
ameter) or particle size distribution (1,2). 
As the use of engineered nanoparticles 
has grown explosively, the need for rapid 
measurement of engineered nanopar-
ticle size and number concentration has 

become critical. The Nanodatabase (3) 
lists 3901 products that contain nano-
materials, and more than 460 journal 
articles using spICP-MS were published 
between 2017 and 2020 (based on a CAS 
SciFinder literature search). 

Nanoparticles are defined as par-
ticles with diameters between 1 and 
100 nm. However, many engineered 
particles have diameters up to 1000 nm 
and can be measured by spICP-MS, thus 
the use of the phrase sub-micrometer– 
sized particles in this article. 

Conversion of sub-micrometer–
sized particles to ICP-MS signals. 
When sub-micrometer–sized particles, 
suspended in a liquid, are nebulized 

into a liquid aerosol and introduced 
into an ICP, first the liquid evaporates, 
then the remaining particle is vapor-
ized, atomized, and ionized. A spherical 
cloud of ions is produced in the plasma 
from each individual particle (Figure 1). 
If the number of particles entering the 
plasma per second is small enough, 
the ion clouds produced from different 
particles do not overlap in the plasma. 
A peak in the ICP-MS signal versus time 
is produced from each particle. The 
particle suspension must have a small 
enough particle number concentration 
so that it is unlikely that ion clouds pro-
duced from two different particles will 
overlap in the ICP.

As the plasma gas flows from the 
ICP through the interface and into the 
mass spectrometer, each ion cloud is 
detected as a peak (0.2 to ~1 ms wide) 
(Figure 1b). Millions of aerosol drop-
lets enter the plasma per second, each 
containing the elements that are dis-
solved; ion clouds produced from dis-
solved elements in different droplets 
overlap extensively, resulting in a “con-
stant” signal (Figure 1b). Therefore, the 
sharp peaks produced from individual 
particles can be distinguished from the 
more constant signal produced from 
the same element in solution if the 
signals from the sharp peaks are larger 
than the variations in signal generated 
from the element in solution.

mailto:gunda.koellensperger@univie.ac.at
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The total net ICP-MS signal (counts) 
at a particular mass/charge across the 
peak is directly proportional to the 
amount (in fg) of the measured element 
in the original, individual particle. The 
number of detected peaks (“particle 
events”) (for example, 10 in Figure 1c) is 
directly proportional to the number of 
particles/mL in the original suspension. 
The number of detected peaks also de-
pends on the volume of sample aerosol 
(typically 20 to 100 μL) that enters the 
plasma during the duration of continu-
ous ICP-MS signal measurement (typi-
cally ~2 to 5 min).

Particles have been detected using 
peaks in an atomic spectrometry sig-
nal versus time as early as 1968 (4). In 
2003, Degueldre and coworkers de-
scribed ICP-MS detection of individual 
nanoparticles suspended in liquid for 
the first time (5). 

However, spICP-MS should still be 
considered an emerging technique 
(1,6) and we have much to learn about 
variables that can affect the accuracy of 
measurements of particle size, elemen-
tal composition, and number per mL. 
These variables include the stability of 
stored particle suspensions, sample 
preparation, calibration, chemical ma-
trix effects, high backgrounds result-
ing from elements in solution or ions 
that cause spectral overlaps, detection 
limits (in terms of particle size and the 
minimum detectable amount of analyte 
elements), and the limited dynamic 
range of the number of particles/mL 
and particle size. 

Amount of analyte element in 
each particle. The technique of spICP-
MS directly measures signal from each 
ion cloud that is proportional to the 
amount (in fg) of the element mea-
sured in each sub-micrometer–sized 
particle if: (a) the particle is completely 
vaporized, (b) the fraction of analyte 
ionized is the same for the sample 
particles and the calibration solution 
or calibration particle suspension, and 
(c) the fraction of ions produced in the 
ICP that reach the detector is the same 
for the sample particles and the cali-
bration solution or particles. 

The maximum size particle that is 
completely vaporized and converted 
to elemental ions prior to entering 
the ICP-MS interface depends on the 
chemical composition of the particle 
and the time that the particle spends 
in the hot plasma (typically ~1 to 3 ms, 
depending mainly on the center gas 
flow rate, injector diameter, and plasma 
power). While increasing the time that 
the particles spend in the hot plasma 
allows larger particles to be vaporized, 
it also decreases sensitivity (signal/fg of 
analyte element) because there is more 
time for diffusion of ions (broadening 
the ion cloud) (7). 

Typically, particles with diameters 
less than about 1000 nm are completely 
vaporized in the ICP (7,8). Fluctuations 
in the time particles spend in the hot 
plasma (and therefore the extent of dif-
fusion of ions in the ion cloud), in part 
because of fluctuations in the plasma 
gas velocity, can result in variations in 
the relationship between signal intensity 
(counts) and amount (fg) of analyte ele-
ment in the particle.

Number of particles/mL . With 
spICP-MS, we directly measure the 
number of particles that enter the ICP 
per second if each particle produces a 
detectable ion cloud. As the detection 
limit is approached, the percentage of 
particles that produces a detectable 
ion cloud decreases. To quantitatively 
relate the number of “particle events” 

measured to the number of particles/mL 
in the original suspension, two different 
calibration methods can be used (1,9): 
(a) a particle suspension with a known 
number of particles/mL can be mea-
sured, or (b) a solution standard with a 
known concentration of the analyte ele-
ment and nanoparticles with a known 
amount (fg) of analyte are separately 
measured. For (b) the ratio:

signal (counts) per fg of analyte delivered to the nebulizer
signal (counts) per fg of analyte in the nanoparticle

determines the fraction of nanoparticles 
delivered to the nebulizer that enter the 
plasma and are detected. In order to 
know the amount of analyte element in 
the nanoparticle the elemental compo-
sition of the particle, the nanoparticle 
size (typically diameter), and the density 
(g/cm3) must be known. Sometimes, the 
two different calibration techniques 
lead to different results. There is some 
evidence that the sensitivity-ratio–
based calibration is more stable over 
time; that suggests that the number of 
nanoparticles per volume in a suspen-
sion may not be as stable over time.

Particle size. Single-particle ICP-MS 
can be used to measure sub-microme-
ter particle diameters of spherical par-
ticles because spICP-MS determines the 
amount of analyte element (fg) in each 
particle. To convert amount of analyte 
to particle size (for example, diameter) 
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the shape of the particle (for example, 
spherical), the chemical composition of 
the particle and the density (g/cm3) of the 
particle must be known. 

Application of spICP-MS to engi-
neered sub-micrometer–sized par-
ticles. Many widely used engineered 
nanoparticles are elemental (for example, 
Au or Ag) or oxides (ZnO, TiO2, SiO2). In 
addition, many engineered nanoparticles 
contain elements that are not abundant 
in nature (for example, Au or Ag). The 
vast majority of publications to date have 
focused on measurement of these engi-
neered nanoparticles (or sub-microme-
ter–sized particles), typically in samples 
that would not be expected to contain 
these elements in high abundance in 
natural sub-micrometer–sized particles. 

ICP-MS with a quadrupole mass spec-
trometer can monitor just one element 
continuously. This provides element-
selective detection of sub-microme-
ter–sized particles such as engineered 
nanoparticles. Element-selective detec-
tion allows specific particles (such as Au, 
Ag, ZnO, and TiO2 engineered nanoparti-
cles) to be measured independently from 
many other particles that do not contain 
detectable amounts of the same element 
as the particle of interest (for example, 
carbon-based particles like soot). This is 
one of the advantages of spICP-MS com-
pared to other particle-measurement 
techniques, such as dynamic light scat-
tering or a Coulter counter, that are not 
element-specific.

Application of spICP-MS to mixtures 
of sub-micrometer–sized particles in-
cluding natural particles. Natural par-
ticles and anthropogenic particles can 
have a wide variety of chemical compo-
sitions, including combinations of differ-
ent elements. Some engineered particles 
have layers or coatings of different mate-
rials. Using spICP-MS with a quadrupole 
MS that measures one element at a time, 
it would be impossible to distinguish 
small single element or oxide particles 
from larger particles that contained a 
small portion (but same number of fg) of 
the same element. 

Single-particle ICP-MS with a time-
of-flight mass (TOF) spectrometer can 

provide a complete elemental mass 
spectrum (for the elements detectable 
by ICP-MS) for each sub-micrometer–
sized particle (for example, Figure 2). 
By calibrating the signal/fg, the amount 
of each detectable element in each indi-
vidual particle can be measured.

Single-particle ICP-TOF–MS can also 
measure the number of particles per mL 
(all particles with detectable elements 
or for each type of particle, based on its 
chemical composition). Single-particle 
ICP-TOF–MS does have some limita-
tions compared to currently sold ICP-
quadrupole-MS instruments, including 
poorer abundance sensitivity, poorer 
sensitivity, and limitations in use of 
gases in collision–reaction cells that may 
also react with some elemental ions. 

Conclusion
Single-particle ICP-MS is uniquely 
capable of rapidly measuring the 
number of sub-micrometer–sized 
particles/mL with either element-se-
lective detection (using quadrupole 
or sector field mass spectrometers) 
or elemental chemical composition 
of individual sub-micrometer–sized 
particles (using time-of-flight mass 
spectrometers). At this point, far 
more care and expertise are needed 
to obta in accurate resul t s  w i th 
spICP-MS than for solution analysis 
with ICP-MS. Detection limits in the 
best case scenario (single element 
nanoparticles in suspensions that 
contain little if any of the element of 
interest in solution and with no spec-
tral overlaps) are typically around 6 
to 10 nm in diameter. The analyte 
element mass depends on the cube 
of the particle diameter; to reduce 
the diameter detection limit by 2x, 
the detection limit in the amount of 
analyte element (fg) would need to 
be reduced by 8x.
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When Size Matters: ICP-MS  
Detection of Small Objects
Mario Corte-Rodríguez, Maria Montes-Bayón,  
and Jörg Bettmer

The world population is currently experiencing an enormous 
challenge fighting a pandemic that affects health, social, 
political, and socio-economic life of unforeseen dimensions. 
Responsible is a virus called SARS-CoV-2 with an approxi-
mate size between 60 and 160 nm. This size range is similar 
to that of nanomaterials, which are generally considered to 
have one or more external dimensions in the size range of 1 
to 100 nm. Nanomaterials also have a tremendous impact on 
our daily life, but usually in a beneficial way because of their 
useful properties.

Metal-containing nanomaterials have been subject to various 
analytical efforts involving inductively coupled plasma–mass 
spectrometry (ICP-MS). Among other developments, a method 
originally described by Degueldre and coworkers in 2003 (1) is 
known as single particle ICP-MS (spICP-MS), and is based on a 
unique feature: The introduction of an individual particle into 
the ionization source produces a plume of ions of all the present 
elements within a very short time frame (<1 ms). This feature, 
combined with the use of short integration times, makes it pos-
sible to obtain the mass of one or more elements present in the 
particle (2). Many examples of the optimization and analysis of 
nanoparticles can be found, with particular emphasis on silver 
and gold nanoparticles of spherical shape. One aim of these 
studies is still the improvement of (size) detection limits, which 
is a major limitation of spICP-MS. With current instrumental 
capabilities, size detection limits below 10 nm (for spherical 
particles) are difficult to achieve, which is a significant limita-
tion, particularly when taking into account industrially important 
materials like TiO2, FeOx, SiO2, and so on. These nanomaterials 
generally contain elements that experience strong interference 
in ICP-MS or are prone to contamination, or both. This limitation 
leaves an important gap for the general and broad range ap-
plicability of spICP-MS to the characterization of nanomaterials 
that fall under the general definition. In the case of composite 
particles and their complete characterization, the challenges 
are even greater (Figure 1). As discussed recently (2), several 
factors might improve achievable size detection limits in the 
future. These factors include the careful optimization of plasma 
parameters and detector integration times, as well as enhanced 
ion extraction and transmission. Overcoming such limitations 
would expand the already wide acceptance of spICP-MS.

A similar approach to spICP-MS was first described by Houk 
and coworkers for the analysis of individual bacterial cells (3) 
and is nowadays known as single-cell ICP-MS (scICP-MS). ScICP-
MS is currently topic of great interest in elemental mass spec-
trometry, because it has been recognized that this technique 
can provide important quantitative data on intrinsic elements, 

the uptake of metal-containing drugs, and nanomaterials, and 
so on, with individual cell resolution. These data can be es-
sential for nutritional, clinical, pharmaceutical, and toxicologi-
cal studies. Moreover, pushed by the development of mass 
cytometry, more cellular parameters are accessible by the use 
of metal-tagged antibodies that can bind to intracellular or 
extracellular antigens of interest (4). Such a workflow allowed 
us recently to count the absolute number of a cellular surface 
biomarker (transferrin receptor 1, TfR1) in an individual cell, and 
was demonstrated on different cell lines (5).

The working principle is basically the same as in spICP-MS, 
but sample handling is more critical because of the vulnerability 
of living organisms. Various investigations are directed at ob-
taining sample introduction improvements to guarantee a high 
transport efficiency of intact cells into the ionization source. This 
is indispensable in the case of delicate or precious samples and 
significantly improves statistics on the elemental distribution 
in the studied cells. But as in the case of spICP-MS, achievable 
detection limits still restrict our ability to gain insights into the 
quantitative multi-element composition of individual cells. This 
evokes the vision of Professor Gary M. Hieftje of Indiana Univer-
sity for “all the ions all the time,” but such a development still 
remains a challenge for future ICP-MS instrumentation (Figure 1).
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Bridging the detection capabilities 
of an ICP-MS instrument to a nano-
scopic biological object like a virus 
seems hypothetical. Comparing the 
average dimensions of a biological cell 
and that of a virus, one can estimate 
roughly that a virus might contain only 
several hundred or several thousand 
atoms of constitutive elements. ICP-MS 
detection of such low absolute quanti-
ties in the presence of a high natural 
background of these elements might 
remain a dream for a long time. But 
the current pandemic situation makes 
it more than obvious that reliable, fast, 
and high-throughput tests are urgently 
needed for viral detection (Figure 1). 
Here might lie an opportunity for meth-
odological developments, given that 

ICP-MS detection of individual objects 
clearly meets these prerequisites. Dif-
ferent labeling and amplification strate-
gies might stimulate the development 
of an ICP-MS–based virus detection 
and identification kit that surely would 
further boost the prominence and rele-
vance of elemental mass spectrometry.
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Atomic Spectroscopy: 
Is the End Near?
Gary M. Hieftje

“It was a dark and stormy night…”
Everyone should begin at least one 

paper, story, or other publication with that 
well-worn phrase. This was my chance. 

Here, the phrase pertains to analytical 
atomic spectrometry, where the ques-
tion is whether that field faces a dark fu-

ture—stagnation, or even decline—or 
rather has much yet to offer the science 
and technology community. To be sure, 
methods such as inductively coupled 
plasma–atomic-emission spectrometry 
(ICP-AES), ICP–mass spectrometry (ICP-
MS) and spectrometric methods with 
other sources such as direct-current (DC) 
arcs, high-voltage sparks, microwave-
induced plasmas (MIPs), and glow dis-
charges (GDs) have become workhorses 

in most analytical laboratories. However, 
the general perception is that this collec-
tion of methods can solve, at least ad-
equately, virtually all problems currently 
facing science and society.

The result of this perception is es-
pecially apparent in the United States. 
There has been a steady decline in 
funding for atomic spectrometry among 
university faculty members. Whereas 
agencies such as the National Science 

mailto:bettmerjorg@uniovi.es
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Foundation (NSF), National Institutes of 
Health (NIH), Office of Naval Research 
(ONR), Air Force Office of Scientific Re-
search (AFOSR), and Department of En-
ergy (DOE) earlier had a stable of acade-
micians in each pursuing path-breaking 
research in atomic spectroscopy, now 
there is almost none, save those doing 
applications-oriented work. In particular, 
I now know of very few who are perform-
ing studies involving instrumentation 
development or fundamental research. 
Those who still do must disguise their 
activities by promising future conquest 
of a fashionable application. Not surpris-
ingly, this paucity of funding has virtually 
eliminated all faculty openings aimed at 
atomic spectrometry. More on this topic 
can be found in this issue in the paper by 
Richard Russo.

In former days, academic research in 
atomic spectroscopy was supplemented 
by (and benefited from) support and col-
laboration with scientists in industry. The 
early introduction and growth of atomic 
absorption and ICP-AES were examples 
of this success. In part, this growth was 
enhanced by competition among sev-
eral instrument firms that offered ever-
improving performance. Today, in con-
trast, acquisition and consolidation have 
reduced the number of firms that offer 
products to a finite market, so innovation 
is lower in priority. After all, why offer a 
new instrument that competes with an 
existing success?

The question then is whether the per-
ception is correct. Is atomic spectros-
copy good enough? Are there no sig-
nificant questions yet to be answered? 
Are there no new instrument develop-
ments that can make a significant im-
provement in performance? Is there no 
emerging scientific or technological 
question that cannot be answered with 
current systems?

Perhaps a brief review of atomic spec-
troscopy history can help us answer 
these questions. Table I lists methods, 
sources, and instrumentation that were 
particularly prominent in each decade 
before 2020. It will be immediately ob-
vious that some of them have remained 
in fairly heavy use (such as spark AES), 

whereas others (such as flame emission) 
have declined or virtually vanished. Let 
us explore why this is so.

Beginning with flame AES, it is clear 
that most of its adherents turned to flame 
atomic absorption spectroscopy (flame 
AAS) once commercial instrumentation 
for the latter became available; AAS of-
fered relative freedom from spectral in-
terferences and instrumentation that was 
simpler to operate. Similarly, flame AAS 
was supplanted in large measure by fur-
nace AAS and, somewhat later, by ICP-
AES, largely because of their better de-
tection limits and, in the case of ICP-AES, 
for its simultaneous multi-element capa-
bility. For the same reasons, ICP-AES and 
the even more sensitive ICP-MS replaced 
many furnace AAS instruments. Begin-
ning with another traditional method, 
DC arc AES, much of its workload was 
transferred to high-voltage (HV) spark-
AES because of its higher precision, 
ease of automation, and slightly lower 
susceptibility to matrix interferences. In 

turn, many HV spark users converted to 
glow-discharge (GD)-AES because of its 
depth-resolution capability and even 
better precision.

In short, each atomic spectrometric 
method seemed to gain prominence 
early in its development, only to be 
unseated by another, usually newer, 
technique that was superior in one or 
more important figures of merit. To 
be sure, most of the methods remain 
important in niche applications (such 
as HV spark AES in the metals indus-
try), but are no longer found in most 
routine-analysis laboratories.

Exceptions to this trend are ICP-AES 
and ICP-MS. Gaining prominence in the 
1970s and 1980s, respectively, these two 
remain dominant to the present. Even 
more surprising is the fact that the ICP 
itself and its performance, especially 
for ICP-AES, have changed surprisingly 
little. Specifically, the classic 1969 paper 
by Dickinson and Fassel (1) features a 
pneumatic nebulizer and accompanying 
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spray chamber, a desolvation condenser, 
and a three-tube ICP torch that supports 
an argon discharge, much like current 
systems. Even more startling is that the 
detection limits reported for a suite of 
elements are not greatly dissimilar from 
those claimed by modern manufacturers 
of ICP-AES systems!

Of course, there have been many 
other changes to ICP-AES instrumenta-
tion since 1969, especially to the spec-
trometric system. In those early days, 
most instruments employed sequen-
tial wavelength scanning or, at best, 
slew-scanning. Those relatively slow 
multielement approaches were later 
replaced with linear detector arrays or 
two-dimensional charge-transfer device 
detector arrays, which could examine 
the entire needed wavelength range at 
once. Similarly, many alternative sam-
ple-introduction options have been 
introduced, from special-purpose and 
high-efficiency nebulizers to alternative 
spray chambers, and from cold-vapor 
generation to laser ablation.

Similarly, ICP-MS instruments have 
benefited from a number of changes 
since their early days, including new 
sample-introduction systems like those 
used in ICP-AES, and also in the use 
of multicollector and high-resolution 
mass-scanned sector-field spectrom-
eters. Improved vacuum interfaces 
have been introduced that now boast 

extraordinarily high efficiency, with one 
atom in each 1000 being detected, and 
vacuum systems are now less costly and 
more compact. Interestingly, some of 
these ICP-MS developments arose from 
partnerships between private-sector 
instrument firms and academic labora-
tories. However, few have involved uni-
versities in the United States.

To be fair, some commercial offer-
ings in ICP-MS have derived from the 
U.S. academy. Examples include the ICP 
coupled with time-of-flight MS and with 
a sector-field MS equipped with a multi-
channel ion-detector array. However, nei-
ther achieved commercial success and 
neither of the original firms is currently 
engaged in marketing the instruments.

This somewhat gloomy background 
urges us to revisit the earlier questions. 
Is the ICP as good an emission or ion 
source as it can be? Are there no im-
portant unsolved problems in ICP-AES, 
ICP-MS, or the other atomic spectro-
metric methods? Are there no existing 
or potential application areas that cannot 
adequately be addressed with current 
atomic instrumentation? Are there no 
innovative ideas that can breathe fresh 
life into the area of atomic spectrometry? 

In answer to the first question above, 
the conventional ICP suffers quite a 
number of shortcomings. It requires 
relatively large flows of high-purity 
argon and a great deal of radio fre-

quency power. Both demands raise 
operating costs and make the ICP un-
suitable for most in-field applications. 
Because large droplets cannot be fully 
desolvated and atomized in the plasma, 
a wasteful spray chamber must usually 
be used, which sends a large fraction 
of the sample solution to waste, and 
requires extended washout times and 
incurs potential memory effects. 

In ICP-AES, detection limits are con-
strained by the extremely high and 
structured spectral background emit-
ted by the plasma, necessitating the 
use of large, expensive spectrometers. 
Similarly, spectral lines are broadened 
extensively by the high-temperature, 
collision-rich plasma environment, so 
spectral interferences can be trouble-
some. Further, the ICP tail flame is an 
extremely heterogeneous environment, 
so the optimal vertical location to view 
emission differs from one element to 
another. Perhaps the most troublesome 
limitation, and despite claims by most 
instrument manufacturers, matrix inter-
ferences exist in ICP-AES that can cause 
errors of ±20%, unless complicated and 
time-consuming methods such as matrix 
matching, internal standardization, and 
standard additions are utilized. 

In ICP-MS as well, performance needs 
improvement. Most importantly, almost 
all commercial instruments employ se-
quential scanning and thus sacrifice 

TABLE I: Historical areas of importance in atomic spectrometry

1950s 1960s 1970s 1980s 1990s 2000s

• Arc/spark 
spectroscopy

• Flame atomic 
emission  
spectroscopy  
(AES)

• Flame atomic 
absorption 
spectroscopy  
(AAS)

• Glow discharge 
emission

• Furnace-AAS
• Inductively 

coupled  
plasma– 
atomic emission 
spectroscopy 
(ICP-AES)

• Microwave- 
induced 
plasma-AES

• ICP–
mass 
spec-
trometry 
(ICP-
MS)

• Charge-transfer  
detectors

• Atomic mass 
spectrometry

• Applications
• Speciation
• Metallomics
• Laser ablation ICP-MS
• New sources, 

spectrometers
• Melding of atomic and 

molecular analysis
• Multimethod  

approaches

TABLE II: Recent areas of Importance in atomic spectrometry (in the 2010s)

• More applications
• Nanoparticle analysis
• Bioanalysis
• Elemental imaging
• Laser-induced breakdown spectroscopy (LIBS), laser ablation molecular isotopic spectrometry (LAMIS)
• New sources, spectrometers
• Revitalization of ICP-TOF-MS
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sensitivity on a multielement basis. They 
are also not particularly suitable for cou-
pling with sample-introduction systems 
such as laser ablation, flow injection, 
electrothermal vaporization, or chroma-
tography, all of which produce transient 
sample pulses. Such scanning systems 
also suffer limited precision because of 
their inability to overcome multiplicative 
(correlated) noise such as that generated 
by instability in the plasma, the sample-
introduction system, and extraction of 
ions into the low-pressure zones of the 
instrument. Indeed, it is for this reason 
that multicollector sector-field instru-
ments are employed for isotope-ratio 
measurements, albeit for only a few iso-
topes at a time. Even sensitivity is not 
as good as it might be in ICP-MS; only 
about 0.1% of the ions that enter the first 
vacuum stage are able to be “skimmed” 
for transmission into the succeeding vac-
uum stage. In fact, a simple calculation 
reveals that signals in ICP-MS are actu-
ally somewhat weaker than those in ICP-
AES for the same sample concentration. 
It is only the high background level in 
emission systems that compromise their  
detection ability.

In addition to these current limitations 
in ICP technology, there are others that 
will arise in the future, given ongoing ad-
vances in other areas of science. Many of 
these advances have become apparent 
in the most recent decade (Table II). For 
example, a currently burgeoning area of 
application of ICP-MS is the analysis of 
natural and engineered nanoparticles. 
At least one commercial instrument is 
already being offered to address such 
problems, but, like most other ICP-MS 
units, it employs a scanned spectrometer, 
which limits the analysis to no more than 
a single element for each nanoparticle. 
Another example is on-site or remote 
analysis; for reasons given above, con-
ventional ICP-AES or ICP-MS systems 
are not compatible with such needs. 
At present, laser-induced breakdown 
spectroscopy (LIBS) and laser-ablation 
molecular isotope spectrometry (LAMIS) 
offer the best hope. In the area of metal-
lomics also, current capabilities fall far 
short; a much broader dynamic range 

and better sensitivity are both needed, 
as are instruments that can provide si-
multaneous information about both a 
protein or peptide and the elements 
associated with it. Recent and expected 
innovations in materials science also will 
not be met by current methods for atomic 
spectrometry; three-dimensional quali-
tative and quantitative analysis of solid 
samples will soon be necessary; depth 
profiling by glow discharge spectrometry 
will then not be adequate, and the even-
tual need for atomic-level spatial resolu-
tion and sensitivity will outstrip current  
capabilities completely.

At present, it appears that these short-
comings are being recognized and at 
least partially addressed, mainly by non-
U.S. academic scientists and by smaller 
instrument firms. Constrained U.S. fed-
eral funding and a paucity of academic 
openings in the United States, and the 
NIH (Not Invented Here) syndrome in 
larger instrument companies are at least 
partially responsible. Most recent suc-
cessful commercial innovations (such 
as ICP-time-of-flight-MS and ICP-based 
cell cytometry) came from other coun-
tries, and the centroid of strong aca-
demic research is shifting away from the  
United States. 

Thankfully, there are encouraging 
aspects. A number of new concepts 
and instrumental innovations in atomic 
spectroscopy regularly appear. Meet-
ings such as the highly regarded 
Winter Conferences in Plasma Spec-
trochemistry and the Nordic Plasma 
Conference on Spectrochemistry 
continue to be well attended and 
always feature new and unexpected 
advances. The two journals that em-
phasize atomic spectroscopy (Spectro-
chimica Acta, Part B and the Journal 
of Analytical Atomic Spectrometry) 
enjoy strong readership and high 
submission rates, and feature new 
instrumentation and methods, fun-
damental studies, and timely reviews. 
Recent reports address directly many 
of the shortcomings mentioned in the 
foregoing paragraphs. New awards for 
scientific progress in atomic spectros-
copy have recently been introduced, 

and some are targeted specifically for 
younger workers in the field.

Still, on a worldwide basis, there is 
little academic funding or activity in 
instrument innovation or fundamental 
research. Support for “instrumenta-
tion science” is virtually nonexistent; 
any grants now available must be very 
closely coupled to a target application 
and available for routine use on an un-
realistic time frame. Most new ideas 
or fundamental studies come from ac-
tivities that are either not funded or 
arise from studies “bootlegged” from 
other sources of research support. 
Fortunately, there are many examples 
of this sort of success; they will not be 
listed here to avoid any complaints 
of favoritism or discouragement. Yet, 
the persistence of these pioneers  
is encouraging.

Clearly, the negative environment 
that faces atomic spectroscopy must 
change if current needs are to be met 
and future applications have a chance 
of being addressed successfully. As Sir 
Humphry Davy so famously said, “Noth-
ing begets good science like the devel-
opment of a good instrument.” Our 
funding agencies and instrument firms 
would do well to heed Davy’s advice.

Author’s Note
It is an honor to be able to participate 
in this special issue of Spectroscopy to 
commemorate its 35th anniversary. In 
this 35-year interval, a number of im-
portant changes have occurred in the 
field of atomic spectroscopy; the dire-
sounding title chosen for this essay is 
meant to be attention-grabbing and not 
as a prediction.
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Atomic $pectroscopy
Richard E. Russo

There is no doubt that funding for basic 
science in analytical atomic spectroscopy 
(AS) has waned over the years, and, in real-
ity, barely exists today. For more than 50 
years, basic-science funding sustained an 
entire infrastructure of analytical chemistry 
departments and trained thousands of stu-
dents. The pioneering research of Malm-
stadt, Fassel, Winefordner, Hieftje, Horlick, 
Walters, Denton, Barnes, and Slavin, to 
name a few (my apologies for not nam-
ing all, if I did this entire article would be 
a list of our greats) pretty much wrote the 
book on modern day atomic spectroscopy. 
Studies of flames, plasmas, sparks, excita-
tion states, chemical reactions at high tem-
perature, non-equilibrium, heat transfer, 
ionization mechanisms, and so on estab-
lished the foundation for tremendous ad-
vances in instrumentation; the inductively 
coupled plasma with both optical emission 
spectroscopy and mass spectrometry (ICP-
OES and ICP-MS), lasers, spectrometers 
(mass, optical), detectors, detection limits, 
background correction, spectral analysis 
and data analytics. The Department of 
Defense (DOD), Department of Energy 
(DOE), National Science Foundation (NSF), 
National Institutes of Health (NIH), as well 
as Bell Laboratories, Lincoln Laboratories 
and many industries with in-house basic 
research contributed to the science and 
instrument-development programs that 
funded "The Glory Days" (thanks Gary 
Hieftje for the term). These were exciting 
times to research basic science that led to 
where we are today: global recognition of 
atomic spectroscopy and the availability 
of advanced instruments that can mea-
sure down to single atoms or ions. 

Considering these achievements, it 
is perplexing that very little funding is 
available today to support basic science, 
and many of the analytical atomic spec-
troscopy university research programs 
are decimated. There are a few remain-
ing government programs supporting 
atomic spectroscopy. The NSF Chemi-
cal Measurement and Imaging program 

(thanks Steve Ray for pointing this out) is 
one in which several atomic spectroscopy 
veterans and newcomers are supported. 
Within this program, emphasis is on "new 
instrumentation that enables chemical 
measurements likely to be of wide interest 
and utility to the chemistry research com-
munity." The NIH also solicits applications 
for the development of new or improved 
instrumentation for biomedical research, 
and "projects should propose tools that 
can be used by a wide range of biomedi-
cal or clinical researchers." The DOE Na-
tional Nuclear Security Administration 
(NNSA) has done a great job of sustaining 
atomic spectrometry for nuclear-related 
measurements, and I benefited from the 
support this agency provided for main-
taining such a strong capability at the 
National Laboratories.

This combined government funding 
today is nominal compared to the past, 
and the common emphasis in these re-
maining programs may explain the prob-
lem. Atomic spectroscopy research is 
viewed as instrument development, and 
instrument development is viewed as 
providing improved tools (enabling tech-
nology) for other research areas. There 
remain many basic science research ques-
tions that can be addressed to improve 
instruments, but improvements are not 
paradigm changes, and that is why fund-
ing amounts are nominal. In addition, I 
believe that we engineered ourselves out 
of funding with the instruments we have 
today, and there is not a compelling new 
global demand to make the instruments 
perform differently (not just better), that 
would justify a deeper basic science un-
derstanding. Companies are commercial-
izing advanced instruments based on the 
50 years of basic science in atomic spec-
troscopy, with diverse application for these 
instruments throughout society. Atomic 
spectroscopists are critically needed to 
develop methods of analysis for these 
instruments. A scientific instrument with-
out a method is like a computer without 
an operating system. The method is criti-
cal to measuring good data, but method 
development is not likely to be supported 

under basic science, unless it is a basic sci-
ence limitation to a major application. 

I can think of three areas that the next 
generation scientists can propose to sup-
port basic science and education in atomic 
spectroscopy: (a) challenge the underlying 
science that is hindering a revolution (not 
evolution) in instrument performance; (b) 
identify critical world problems that can be 
addressed using atomic spectroscopy; or 
(c) propose esoteric ideas for new science. 
Funding agencies want big science, big 
risks, or big payoffs. A global application 
pull will demand funding if there are under-
lying basic science phenomena that need 
to be understood. For example, I believe 
that battery research still receives signifi-
cant funding (although industry seems to 
be picking up a larger share of the research 
and development) because batteries are 
critical to society, with tremendous increas-
ing demand for better performance. I am 
not aware of a similar critical global de-
mand for advances in modern-day analyti-
cal instruments, but I welcome comments 
in that regard. 

There is no doubt that atomic spec-
troscopy addresses world problems; our 
existence is made up of elements and iso-
topes. Some critical problems that can be 
addressed using advanced atomic spec-
troscopy instruments include nuclear se-
curity, environmental change, food safety, 
and health—essentially every aspect of 
society. One of our challenges is getting 
society to better adopt these new capa-
bilities (instruments) that the Glory Days of 
atomic spectroscopy produced, to elimi-
nate antiquated behavior and benefit from 
the amazing capabilities. From my direct 
experience, laser ablation was funded as 
a basic science problem for more than 35 
years. Our group and many throughout the 
world developed advanced instruments 
because of a breadth of basic studies 
that allowed us to reproducibly apply the 
technology to new applications. However, 
many industries are content to digest solid 
samples in acids—an archaic approach. I 
believe that this is a case where implemen-
tation of available instruments to solve criti-
cal problems is not hindered by fundamen-
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LIBS Imaging Is Entering the 
Clinic as a New Diagnostic Tool
Benoit Busser, Vincent Bonneterre, 
Lucie Sancey, and Vincent Motto-Ros

Great interest has recently aroused in 
the study of the dysregulation of chemi-
cal elements within tissues (1,2). Informa-
tion about the distribution of elements 
in biological tissues can contribute to a 
more complete medical diagnosis, and 
can guide therapeutic procedures for 
many pathologies (3). For a better un-
derstanding of the role of metals in bio-
logical mechanisms, their identification 
and relative quantification in their native 
physiological environment in tissues is 
always sought. In pathology laboratories, 
pathologists might opt for an approach 
called chromogenic detection that requires 
the use of stains and indicators. However, 
such methods suffer from several limita-
tions. They require a long preparation time, 
are time-consuming, have poor sensitivity, 
only allow one element to be detected at 

a time, and are limited to certain metals. 
As a result, these methods are gradually 
being replaced by more advanced ana-
lytical technologies such as transmission 
electron microscopy combined with en-
ergy dispersive X-ray analysis (TEM-EDX), 

synchrotron radiation microanalysis using 
X-ray fluorescence (SXRF), or laser-ablation 
inductively coupled plasma spectrometry–
mass spectrometry (LA-ICP-MS). Although 
these techniques offer high performance 
in terms of sensitivity or spatial resolution, 
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FIGURE 1: Overview of LIBS imaging technology. (a) Schematic representa-
tion of the main components of a LIBS imaging instrument. (b) Typical single-
shot spectrum of a tissue biopsy covering 270–340 nm for detecting Mg, Si, 
Fe, Cu, Al, and Na, and a spectrum covering 190–230 nm detecting P and Zn 
on different areas of a tissue biopsy. (c) Examples of LIBS images of a paraf-
fin-embedded skin tissue sample. 

tal unknowns in the basic science but from 
resistance to change.

Applications are not a must, and new 
esoteric ideas with credibility that the 
impossible is possible should be relent-
lessly pursued. The laser was an esoteric 
idea considering there was not a critical 
application (maybe a potential military 
application), but the desire to explore a 
basic science challenge was overwhelm-
ing. This esoteric idea is now responsible 
for major advances in society—surgery, 
ion source for accelerators, perform-
ing atomic spectroscopy on Mars, and 
more. New ideas in atomic spectroscopy 
might involve discovering long-range 
correlations where spectral signatures of 
elements or isotopes can be measured 
through our eyes, or tailoring chemical 
bonding so that we atomically engineer 
a new atomic-spectral experience. How 
do we use artificial intelligence to make 
an instrument improve itself and solve an 
application? As I write this opinion dur-
ing the COVID-19 pandemic, I wonder 
how (if) atomic spectroscopy could ad-

dress this global problem, say by ask-
ing if there are atomic spectroscopy 
signatures that can be detected from 
a distance, like measuring temperature 
but only better— measuring a change in 
someone’s elemental chemistry related 
to disease. We would need to know the 
atomic connection to the disease, an 
area of interest of the NIH. 

To summarize, I see the lack of funding 
as a temporary problem because of our 
success, and also as an opportunity to lay 
the groundwork for the next 50 years of 
basic science research that will lead to a 
22nd century capability for atomic spec-
troscopy. To restart basic science funding, 
we need a paradigm change—not just a 
better instrument, but a different view of 
atomic spectroscopy. It’s in the hands of 
the next generation of scientists to think 
completely outside the box, and be bold 
in predicting what could exist. Can we 
address these needs with our existing 
atomic spectroscopy knowledge, or are 
basic science ideas needed to establish 
an entirely different approach to measur-

ing an electrons' behavior? If we propose 
an esoteric idea or identify a critical need 
that can be addressed by atomic spec-
troscopy, then (I believe) funding agen-
cies will step up to the plate. But we must 
articulate what advances in basic science 
are needed to achieve the unknown, 
be they fundamental understanding in 
atomic spectroscopy itself, or fundamen-
tal changes in the instrumentation. What 
are the basic science ideas that would not 
just sustain atomic spectroscopy, but pro-
pel it into the next century? Be bold and 
think outside the box. 
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or both, the complexity of the equipment 
along with their specific sample prepara-
tion requirements make their use difficult 
for routine medical diagnosis.

For several years, our teams have been 
collaborating on the development of laser-
induced breakdown spectroscopy (LIBS) 
imaging for biomedical applications (4-6). 
In LIBS, the laser-induced plasma gener-
ated by focusing laser pulses on the sur-
face of the sample allows a specific optical 
response to be elicited from the elements 
constituting the sample. This specific re-
sponse, resulting from the electronic relax-
ation of atoms and ions excited by the high 
plasma temperature, is collected and ana-
lyzed using an optical spectrometer. Then, 
the elemental signal is extracted from the 
recorded spectrum, and elemental maps 
can be obtained in a pixel-by-pixel man-
ner by scanning over the sample surface 
(Figure 1). This technology provides signifi-
cant advantages such as working at atmo-
spheric pressure, high speed of operation 
(up to 100 Hz), ease of use, and full compat-
ibility with optical microscopy. It is worth 
mentioning that one constraint when 
working with medical specimens is that 
samples are generally fixed with formalin 
and further embedded in paraffin (FFPE). 
This FFPE pre-analytical procedure is the 
current gold standard for processing and 
archiving of human tissues. From a techni-

cal point of view, LIBS analysis of human 
paraffin-embedded tissues is challenging 
because it necessitates mastering laser 
ablation of soft materials (7,8). Recently, we 
succeeded in adapting our methodology 
to human biopsies, with multi-elemental 
imaging studies performed on normal skin 
and different skin cancers (9) but also on 
cutaneous granulomas, pigmented lymph 
nodes, and skin scars (10). 

The achievable performance levels (~ 
20 µm resolution, ppm-scale sensitivity, 
and 100 Hz acquisition rate), its simple 
instrumentation, and its direct comple-
mentarity with histology makes LIBS im-
aging highly attractive for clinicians as a 
new diagnostic tool. Accordingly, we are 
currently working on the translation of this 
technology to clinical use. In particular, we 
have invested significant effort in evaluat-
ing the feasibility of using LIBS for diag-
nosis of pulmonary diseases. Indeed, the 
occupational or environmental inhalation 
of certain inorganic particles is known to 
cause various lung diseases that belong to 
the “pneumoconiosis” spectrum. Etymo-
logically, the word pneumoconiosis comes 
from the word "konios," which means dust. 
Diseases belonging to the pneumoconio-
sis spectrum are silicosis, asbestosis, beryl-
liosis, siderosis, hard-metal lung disease, 
and so on. In addition, some case reports 
and preliminary epidemiological data sug-

gest that idiopathic lung diseases (those 
whose cause is unknown), such as sarcoï-
dosis or pulmonary fibrosis, might, at least 
to some extent, be related to inhalation 
of inorganic particles. For a better un-
derstanding of these diseases, clinicians 
need in situ imaging of metals in human 
lung biopsies to evaluate whether poten-
tial harmful metal elements found in the 
lungs could relate to a given occupational 
or environmental exposure. 

In the field of respiratory medicine, 
we have already performed LIBS multi-
elemental analysis on several human lung 
biopsies, after obtaining signed informed 
consent from every single patient. Clini-
cians selected lung biopsies from patients 
with various lung diseases with a potential 
occupational or environmental origin. We 
identified several exogenous elements in 
the lungs of the patients (such as Be, Ti, 
Si, Al, or Cr), in different areas of the lungs 
and with various concentration ranges. Im-
portantly, LIBS produced valuable clinical 
data for most of the patients and elemental 
findings were generally in accordance with 
patients’ past exposures. Based on these 
important preliminary findings, we initiated 
the first national multicenter retrospective 
clinical trial aiming at evaluating the fea-
sibility of implementing LIBS imaging as 
a routine diagnostic test for respiratory 
diseases (11). This clinical trial involves the 
participation of five university hospitals in 
France, and 100 patients will be recruited. 
The active recruitment of patients is ongo-
ing, and, to date, one fourth of the total co-
hort has had the elemental content of their 
lungs analyzed with LIBS. In parallel, we 
created a control-sample biobank and an 
associated database through a collabora-
tion with the forensic institute of Grenoble 
University Hospital. After completing all 
regulatory and administrative procedures, 
more than 60 lung specimens from legal 
autopsies have been collected so far.

In addition, our LIBS multi-elemental 
analysis has also led to the reclassification 
of a mislabeled idiopathic lung disease 
into a compensated occupational disease 
(emphysema that has been attributed to 
previous exposure to silica; see Figure 2). 
To comply with clinical research specifica-
tions, the benefit of LIBS imaging in medi-

(a) (b)

1 cm Mg Si

FIGURE 2: Example of human lung sample analysis, obtained from a patient 
who underwent lung transplantation for emphysema. (a) Histological image 
of the lung. (b) Corresponding LIBS multi-elemental images of Si and Mg. In 
this sample with Mg (red pixels) used as an internal control representing the 
tissue. This (b) image shows the very high concentration of silica (yellow pix-
els), in the lung tissue, in a patient who, during her past occupational history, 
performed sandblasting for one year in very poor conditions.
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cal diagnosis will only be demonstrated 
after analysis of hundreds of patients’ nor-
mal or diseased lung specimens. Based 
on serious medical expectations and en-
thusiasm, but also on our high motivation, 
such a challenge will require time, staff, 
and funding. 

LIBS is a robust analytical tool, and we 
strongly believe that it could become a 
future diagnostic tool providing clinicians 
with a complementary source of informa-
tion to better understand the origin and 
pathogenesis of number of diseases, in-
cluding respiratory ones.
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Combining Spectroscopy with  
Microscopy for Advancing  
the Analysis of Forensically  
Relevant Traces
Brooke W. Kammrath

Forensic traces are physical remnants 
of past events that provide critical 
information for criminal and civil in-
vestigations and adjudications. The 
scientific examination of traces is an 
incredibly valuable tool for forensic 
investigations, because the skilled 
interpretation of traces yields factual 
answers to a range of pertinent ques-

tions. Not only are traces able to asso-
ciate a person with an incident, thus an-
swering the “who” question, but they 
may also be used to answer “what”, 
“where,” “when,” “why,” and “how” (1). 
The most significant factor limiting the 
value of traces for scientific investiga-
tions was eloquently captured by Paul 
Kirk (1953) when he wrote, “Only human 
failure to find it, study, and understand 
it, can diminish its value” (2). 

The Power of Microspectroscopy
The combination of microscopy and 
spectroscopy, or microspectroscopy, is 

a powerful tool for the study of traces 
and enables their understanding and 
interpretation. Microspectroscopy 
has a plethora of advantages, most 
notably providing rapid and often 
non-destructive (or minimally destruc-
tive) analysis of a range of specimens, 
sometimes with little to no sample 
preparation, and creating a review-
able record of the examination (3). The 
chemical identification of traces via 
microspectroscopy may enable a crim-
inalist to determine provenance, and, 
depending on the sample, individual-
ize it (that is, successive reductions to 
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a class of one, or the establishment of 
two items having a common source) 
(2–4). Microspectroscopy is not just for 
small samples. Although most people 
think of traces as being microscopic, 
this is not necessarily the case. Traces 
may be large objects, such as car 
headlights or baseball bats, that are 
left behind or removed from the scene 
after an incident. Microspectroscopy 
provides chemical information on the 
microscale that is useful for the study 
of small traces that require magnifica-
tion (such as single fibers or gunshot 
residues), and large traces or mixtures 
where imaging is important for exam-
ining its physical or chemical compo-
nents (such as for microhomogeneity 
or heterogeneity analyses).

Forensic scientists use a range of 
microspectroscopical methods for 
the evaluation of traces, sometimes 
being at the forefront of their appli-
cations, while other times being more 
cautious with their implementation in 
casework. The first pairing of micros-
copy and spectroscopy was by Henry 
Clifton Sorby in 1868, who recorded 
the visible light spectra of natural bio-
logical pigments as well as blood, the 
latter having forensic implications (3). 
It was not until the 1950s that labora-
tories further developed visible light 
microspectrometers, which eventually 
led to their commercial availability. 
In the 1970s, its utility for the foren-
sic analysis of traces, specifically for 
fiber evidence, was fully realized (3). 
Today, ultraviolet-visible (UV-vis) mi-
crospectroscopy is employed to study 
a range of traces, most commonly fi-
bers, paint, and inks. Molecular mi-
crospectroscopy—infrared (IR) and 
Raman—is widely used in forensic sci-
ence to detect and identify a variety of 
specimens, including, but not limited 
to, fibers, paint, polymers, drugs, soil 
minerals, cosmetic evidence, and gen-
eral unknowns. IR microspectroscopy 
was first developed in the late 1940s 
and early 1950s, but did not see wide-
spread adoption until the 1970s with 
the affordable availability of Fourier-
transform computing capabilities (2). 

IR microspectroscopy was recognized 
at that time by some forensic scientists, 
notably microscopists at Walter C. Mc-
Crone Associates, Inc., to have value 
for the identification and discrimina-
tion of traces, and it was implemented 
for case examinations and research 
as soon as this technology became 
commercially available. Raman micro-
spectroscopy was similarly embraced 
by the forensic science community via 
McCrone microscopists shortly after it 
came on the market in the late 1970s 
(5,6). One of the major advantages of 
Raman microscopy for the character-
ization of forensic traces is its ability 
to nondestructively analyze a particle 
through a glass coverslip, thus requir-
ing no additional sample preparation 
beyond that which is required for tra-
ditional microscopy (2,7). The scanning 
electron microscope equipped with an 
energy dispersive X-ray spectrometer 
(SEM-EDX) was the first instrument 
to facilitate the elemental analysis of 
microscopic traces. The first ED X-ray 
spectrometer was added to an SEM by 
Nuclear Diodes (now Edax) in 1969 (8), 
and this technology was rapidly ap-
plied to the identification of gunshot 
residue and other traces (9). With the 
development of polycapillary focusing 
X-ray optics, micro-X-ray fluorescence 
spectroscopy (µXRF) became possible 
in the beginning of the 20th century 
(10), and was soon used to obtain the 
elemental profile of many forensic 
traces (such as glass, paint, inks, and 
paper). Each of these microspectrom-
eters have advantages and limitations 
for forensic evidence analysis, which 
is why criminalists performing analy-
ses of traces need to be well-versed 
in the methodologies, drawbacks, 
and significance of these techniques 
in order to choose the right tool to 
answer relevant questions for a sci-
entific forensic investigation.

Recent Developments
Four recent developments in com-
bined microscopy and spectroscopy 
instrumentation show great promise 
for providing additional information 

about traces that may translate to 
improved detection capabilities and 
increased discrimination. First, atomic 
force microscopy (AFM) coupled with 
IR and Raman spectrometers, the 
lat ter called tip-enhanced Raman 
spectroscopy (TERS), enable surface 
information (such as topography, 
hardness, adhesion, friction, and con-
ductivity) and molecular chemistry to 
be elucidated with nanometer resolu-
tions (11). Surface coatings and com-
plex mixtures containing nanoparti-
cles are ideally suited for analysis by 
AFM-IR and TERS, and these inevita-
bly find their ways to the laboratory 
bench of a trace evidence examiner. 
The second innovative technology is 
optical photothermal IR spectroscopy 
(O-PTIR) which has been combined 
with Raman microspectroscopy to 
offer simultaneous explorations of 
samples with submicron resolution 
(11). O-PTIR is a non-contact, non-
destructive method that has excel-
lent potential for the analysis of 
complex mixtures, microfibers, and 
nanometer-thin layered polymers, 
paints, and coatings. A third trend 
in ins trumentat ion is combining 
advanced imaging with molecular 
spectroscopy, with a standout being 
morphologically-direc ted Raman 
spectroscopy (MDRS) or par ticle-
driven Raman spectroscopy. This au-
tomated instrumentation allows for 
size, shape, and chemical informa-
tion to be quickly obtained for thou-
sands (or hundreds of thousands) of 
particles within a complex mixture, 
thus supporting a meaningful statisti-
cal evaluation and increased sample 
information, which will undoubtedly 
advance the forensic interpretation 
of several samples of forensic inter-
est (12). Fourth, in 2019 Leica Micro-
systems introduced a laser induced 
breakdown spec t rometer (L IBS) 
microscope attachment that deliv-
ers minimally destructive elemen-
tal analysis (5-µm spot size) directly 
on the stage of a microscope with-
out the need for additional sample 
preparation, akin to IR and Raman 
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microscopes. I confidently predict 
that as the “micro-LIBS” instrumenta-
tion matures, it will prove valuable for 
the examination of many microscopic 
traces, such as glass, minerals, paint, 
and gunshot residues.

Criminalists are asked to provide 
complex analyses of some of the 
most demanding samples. It is more 
than just their size, limited quantity, 
and unknown origins that present 
challenges, but also the information 
that traces hold which require sophis-
ticated interpretations. It is for these 
reasons, and more, that the forensic 
community requires the most capa-
ble modern microspectrometers for 
the scientific interrogation of traces.

Congratulations Spectroscopy for 
35 years in publishing! Thank you to 
the Spectroscopy team for provid-
ing the scientific community with a 
free and easily accessible resource 
that delivers the latest information 
on advances in both instrumenta-
tion and applications. I look forward 

to reading Spectroscopy for the next 
35 years and beyond.
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Developing More Uniform
Comparison Language in 
Forensic Science Reporting
Diana Wright

An ongoing challenge within the forensic 
science community is the development 
of consistent report and testimony lan-
guage that conveys results in a mean-
ingful manner. Ideally, that language al-
lows the reader to understand what was 
examined, how it was examined, and 
the results. A piece that is often absent 
from the report is what the results mean 
in the context of possible conclusions 
that could have been reached. An ef-
fort to add context has been particularly 
of interest in the characterization and 
comparison of trace evidentiary materi-
als (such as fibers, glass, hair, paint, and 
tape), where the greatest criticism in the 
past decade has been directed toward 
the language used to simultaneously 
convey results to the technical, legal, 
and lay communities. The meaning of 

the descriptions becomes more under-
standable to the greater spectroscopic 
community when referring to spectral 
searches of an unknown (or test) speci-
men to a known material or a reference 
spectral library. Various working groups 
are trying to define the technical con-
clusions that may be drawn by com-
paring samples and what legal rami-
fications may be arrived at by making  
these comparisons.

To address this goal, forensic labora-
tories and consensus bodies are working 
toward descriptive language to better 
align report writing and testimony lan-
guage across the field. As an example, 
the National Institute of Standards and 
Technology (NIST) currently oversees the 
Organization of Scientific Area Commit-
tees (OSAC), a consortium of Scientific 
Area Committees (SACs) that develops 
consensus-based best practices, test 
methods, and guidance documents. 
Draft documents are then sent to Stan-
dard Development Organizations (SDOs) 

such as ASTM International for ratifica-
tion and dissemination. The Materials 
(Trace) Subcommittee of the Chemistry 
SAC (1) has developed an interpretation 
guidance document for use in report-
ing comparative examinations involving 
trace evidentiary materials, the “Stan-
dard Practice for Interpretation and Re-
port Writing in Forensic Comparison of 
Trace Materials” (2), which provides a set 
of terms and a verbal scale that can be 
used to convey the significance of a com-
parative association. The interpretation 
scale is organized as a range of conclu-
sions that could be used to describe a 
reported result. The conclusion that best 
fits the determined result is dependent 
on the material, its condition, the num-
ber of recommended orthogonal com-
parative techniques that were used to 
evaluate the materials, and the relative 
number of other materials that could also 
fulfill the conditions described within a 
particular type of conclusion. Following 
the general outline of the verbal scale, 
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examples of report wording for a given 
scenario are provided to assist a trace 
evidence examiner with determining 
what this approach would look like in 
practice for the materials they evaluate 
and compare.

When comparing two or more sam-
ples, the most definitive conclusions are 
that the samples could not have origi-
nated from the same source (elimination) 
or that they share features so rare as to 
have once been part of a larger intact 
item that fractured at the free ends of 
the intercompared items (physical fit). 
Between these two extremes lies a range 
of possible conclusions that describe the 
inability to distinguish samples based 
on their respective physical, optical, or 
chemical properties. In this class asso-
ciation, the evaluated indistinguishable 
features are also shared with any other 
sample that contains these same proper-
ties and therefore are not exclusive to the 
items being compared. Associations of 
this type can vary in significance and the 
number of like samples that would share 
a particular property or set of properties 
can decrease as the number of evaluated 
characteristics increases. 

In part, therefore, the content of a ver-
bal scale is meant to provide a framework 
within which to provide context to a class 
association. This context is particularly 
helpful for mass-produced manufactured 
materials that are readily available in the 
consumer marketplace (such as automo-
tive paint). For example, a report on the 
inability to distinguish the physical and 
chemical characteristics of blue metal-
lic automotive paint samples might fall 
within the context of a class association 
as follows:

Association with Discriminating Charac-
teristics — An association in which items 
could not be differentiated based on the 
examinations conducted. Therefore, 
the possibility that the items came from 
the same source cannot be eliminated. 
Other items have been manufactured 
or could occur in nature that would also 
be indistinguishable from the submit-
ted items and could be encountered in 
the relevant population. This provides 

moderately strong to strong support 
for the proposition that the items origi-
nated from the same source as opposed 
to the proposition they originated from  
different sources. (2)

This interpretation of the reported 
conclusions states that, even though com-
parative testing was able to conclude that 
the paint was a four-layered automotive 
coating with a blue-colored basecoat and 
effect (metallic) pigmentation, it is still a 
mass-produced entity and available on 
every make and model of like-colored 
vehicle produced at the same assembly 
plant. The significance addressed with 
this language is twofold: Other vehicles 
produced at other plants (even of the 
same make and model) would not share 
the same set of physical and chemical 
properties; and, other vehicles produced 
at a given plant with the same set of 
physical and chemical properties would 
be indistinguishable. This approach to 
interpretation of the results attempts to 
convey both the significance and the limi-
tations of a typical class association.

Sometimes, the evidence contains 
features that are not as common within 
a given material class. Alternatively, some 
alteration may have occurred that makes 
it obvious that the material now contains 
features that are not mass-produced. 
For reporting these types of class asso-
ciations, wording is used to convey that 
the number of indistinguishable samples 
that would also share these same char-
acteristics would be less than expected 
for a mass-produced material. The verbal 
scale language to address this type of 
conclusion would read as:

Association with Highly Discriminating 
Characteristics — An association in which 
items could not be differentiated based on 
the examinations conducted. Therefore, 
the possibility that the items came from 
the same source cannot be eliminated. 
Additionally, the items share unusual char-
acteristics that would rarely or never be 
expected to occur in the relevant popula-
tion. This provides very strong to extremely 
strong support for the proposition that the 
items originated from the same source as 

opposed to the proposition they origi-
nated from different sources. (2)

An example of this type of association 
would be an automotive paint system that 
contains an architectural paint layer as 
well. Regardless of the number of physi-
cal and chemical properties that could not 
be used to differentiate the general class 
of these samples, this category would in-
dicate that there are some properties that 
set these comparative samples apart into 
a smaller subset of like samples (for exam-
ple, a vehicle coated with an architectural 
finish by a consumer). It is not a conclu-
sion of individuality because the indistin-
guishable properties remain class char-
acteristics. It is also possible that another 
vehicle could be painted in the same 
manner; however, there is less expecta-
tion that such an unusual feature would 
be mass produced or widely repeated on  
unrelated samples.

Conversely, features can be evalu-
ated between materials that have fewer 
characteristics available for comparison. 
This situation can be the result of a more 
generic material or as the result of insuf-
ficiently sized or contaminated samples. 
For reporting these results, the compara-
tive language must be phrased to convey 
that a greater number of samples would 
also share indistinguishable measured 
properties. The verbal scale language 
would read as:

Association with Limitations — An as-
sociation in which items could not be dif-
ferentiated based on the examinations 
conducted. Therefore, the possibility that 
the items came from the same source can-
not be eliminated. This provides slight to 
moderate support for the proposition that 
the items originated from the same source 
as opposed to the proposition they origi-
nated from different sources. As compared 
to the categories above, this type of asso-
ciation has decreased evidential value. For 
example, the items are more commonly 
encountered in the relevant population, 
a complete analysis was not performed 
due to limited characteristics or a limited 
analytical scheme, or minor variations were 
observed in the data. Minor variations 
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could be due to factors such as known 
contamination of the sample(s) or having 
a sample of insufficient size to adequately 
assess heterogeneity of the entity from 
which it was derived. (2)

This category would be appropriate in 
the event that an incomplete paint layer 
system was received, such that character-
istics normally present for comparison and 
known to provide increased levels of dis-
crimination would not be available for test-
ing and evaluation. Therefore, the number 
of samples that share the tested properties 
is larger than it would be if all the known 
properties were able to be evaluated. The 
inability to measure all of the expected 
properties does not render the class asso-
ciation as meaningless, but it does expand 
the number of samples that could also be 
undifferentiated under these conditions.

This verbal scale approach to provid-
ing consistency in describing forensic 
class associations has been years in the 
making. Current plans are to offer this 
type of scale model to the larger foren-
sic science trace evidence community 

for use in interlaboratory exercises. Ana-
lysts will be given comparative scenarios 
and asked to assign a conclusion using 
the verbal scale model. Once the results 
of these test scenarios have been evalu-
ated the results will be published. It is 
anticipated that valuable feedback will 
be gained on the efficacy of this model 
as well as the content of the guide. Com-
ments on the draft guide may be sent to  
dmwright@fbi.gov.

Disclaimer
This is publication number 20-63 of the 
FBI Laboratory Division. Names of com-
mercial manufacturers are provided for 
identification purposes only, and inclu-
sion does not imply endorsement of the 
manufacturer, or its products or services 
by the FBI. The views expressed are 
those of the authors and do not neces-
sarily reflect the official policy or position 
of the FBI or the U.S. Government.
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Multicollector ICP-MS and  
Isotope Metallomics
Frank Vanhaecke

Although not as widespread in terms of 
units used worldwide as quadrupole-
based inductively coupled plasma–mass 
spectrometry (ICP-MS) equipment, also 
multicollector ICP-MS (MC-ICP-MS) instru-
mentation has revolutionized many fields. 
An MC-ICP-MS system is a dedicated tool 
for high-precision isotopic analysis of met-
als, metalloids, and some non-metals. For 
that purpose, an MC-ICP-MS instrument 
is equipped with a double-focusing mass 
spectrometer of Nier-Johnson geometry 
and an array of detectors, typically Fara-
day cups, for simultaneous monitoring of 
the intensities of the ion beams of interest 
(Figure 1).

The first MC-ICP-MS unit was intro-
duced onto the market in 1992 (1). Com-
pared to thermal ionization mass spec-
trometry (TIMS), which was the “gold 

standard" for isotope ratio measure-
ments at the time, MC-ICP-MS offered 
much more “measurement comfort.” For 
an adequate TIMS measurement, the el-
ement of interest has to be isolated from 
the matrix and deposited in elemental 
form or in the form of a salt on a metal 
filament. If the isolate is not pure enough, 
the signal intensity will be very low at best. 
The metal filament then needs to be re-
sistively heated in a vacuum chamber for 
ion production. In contrast, in MC-ICP-MS 
the robust ICP ion source is generated 
under atmospheric pressure, thus al-
lowing sample introduction by means of  
continuous nebulization.

One disappointment with MC-ICP-MS 
was the awareness that although ioniza-
tion efficiency remains high irrespective of 
the concomitant matrix, reliable isotope 
ratio data typically also require the target 
element to be isolated. This is a result of 
the occurrence of instrumental mass dis-
crimination, according to which the ions of 

the heavier of any two isotopes are trans-
ferred more efficiently from the ion source 
to the detector than those of the lighter 
one. Compared to the measurement pre-
cision of ±0.001% RSD under ideal circum-
stances, the bias induced by instrumental 
mass discrimination is horrifically large at 
≈1% per atomic mass unit (amu) at mid-
mass and even larger at low masses (such 
as for Li and B). The matrix has a profound 
influence on the extent of mass discrimina-
tion and thus, it was realized that with MC-
ICP-MS acquiring reliable results required 
intensive sample preparation in the form 
of (chromatographic) element isolation 
as well. But even this approach is not suf-
ficient, because the analyte concentration 
itself has also been seen to affect the ex-
tent of instrumental mass discrimination. 
Hence, all sample and standard solutions 
have to be concentration-matched and 
while “within ±30%” was a generally ap-
plied rule of thumb, recent papers tes-
tify of more stringent conditions such as  
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“within ±5%”. This situation is the result of the introduction of high-
efficiency interfaces, improving the analyte transport efficiency, 
but making the instrumentation more sensitive to differences in 
the composition of the solution measured, and the fact that the 
analytical community is addressing ever more challenging appli-
cations, involving lower target element concentrations or smaller 
differences in their isotopic composition, or both. Nevertheless, 
under these conditions, a combination of an external standard 
(a standard of the target element with known isotopic composi-
tion) measured in a sample-standard bracketing approach and 
an internal standard (a standard of an admixed element close in 
atomic number to that of the target element with known isotopic 
composition) provides adequate correction.

So, it turned out that it was not a more lenient sample prepara-
tion that was to be the most striking advantage of MC-ICP-MS, 
but the vastly higher ionization capabilities. While TIMS struggles 
to produce M+-type ions for elements with an ionization energy 
exceeding 7–7.5 eV, the ICP succeeds in converting even non-
metals into M+-ions with an efficiency permitting their isotopic 
composition to be studied. Moreover, sample throughput also 
could be increased dramatically compared to TIMS. And both 
these features had important practical consequences.

The most prominent area that has been revolutionized by the 
newly available capabilities of MC-ICP-MS is most probably that 
of geo- and cosmochemistry. But nuclear applications (including 
provenance determination of environmental contamination) have 
also profited from the opportunities offered by MC-ICP-MS, as 
have many other research fields. Access to information on the iso-
topic composition of Hg, which shows natural variation as a result 
of both mass-dependent and mass-independent isotope fraction-
ation, thus providing complementary information, for example, 
has already led to a wealth of information on the element's bio-
geochemistry and to insights that would not be obtained based 
on Hg concentrations only (2). The realization that all elements 
with two or more isotopes show natural variation in their isotopic 
composition due to isotope fractionation effects accompanying 
physicochemical processes, most of which can be revealed and 
quantified with MC-ICP-MS, has led to many areas of application 
of this technique.

One application field of MC-ICP-MS that is still less exploited 
is high-precision isotopic analysis of essential mineral elements in 
a biomedical or clinical context. Personally, I got attracted to this 
field by the seminal 2002 Walczyk and von Blanckenburg paper in 
Science that reported a difference in the whole blood Fe isotopic 
composition between male and female individuals. That paper 
made it clear that isotope fractionation also accompanies bio-
chemical processes and that the isotope ratios of essential mineral 
elements in body fluids and tissues do hold a message (3). After 
further exploration, it was realized that such high-precision isoto-
pic analysis can be exploited to obtain a more profound insight 
into the role of metals in biochemical processes, and that isotope 
ratios could perhaps also serve as markers, allowing diagnosis of 
diseases that could otherwise only be established at a later stage 
or via a more invasive approach, or both (4). This approach is some-

times called isotope metallomics. Initially, this field was explored by 
only a few groups worldwide (including mine at Ghent University). 
Because the instrumentation needed was predominantly present 
in geochemical laboratories, several of these pioneering groups 
have that background. This has led to terms like “geomedical” 
sciences that (at least in my view) are not only misleading, but may 
even alienate researchers with a biological or medical background 
from this new field. 

Key findings over the past couple of years include the obser-
vations that the disease activity of multiple myeloma is reflected 
in the serum Ca isotopic composition (5); that the isotopic com-
position of elements like Cu and Zn may show a different isoto-
pic composition in tumoral tissue than in adjacent healthy tissue 
(6); and that the whole blood or serum Fe isotopic composition 
is a good measure for an individual’s iron status, also in disease 
conditions in which the parameters normally used for this pur-
pose are corrupted (7). Increasingly more diseases, also includ-
ing neurodegenerative disorders (8) and diabetes (9), are shown 
to be reflected in deviating metal isotope ratios in biofluids, 
even when the corresponding element concentrations are not  
affected (Figure 2).

Based on convincing results, increasingly more research groups 
are developing an interest in this field that has meanwhile also 
aroused some attention from the medical community. After a 
rather exploratory phase, the question about the factors driving 
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changes in isotopic composition is voiced 
increasingly louder and therefore, the stud-
ies reported in publications have generally 
changed from more exploratory to more 
targeted research. Answering the question 
of what exactly MC-ICP-MS can contribute 
to the medical and clinical field will require 
very substantial and truly interdisciplinary 
research efforts, combining theoretical cal-
culations, in vitro experimental work (with 
cell lines and tumor spheroids) and in vivo 
experimental work with animals. 

Further instrument development to 
extend the capabilities in this context 
also would be highly welcomed. I would, 
for example, highly appreciate a setup 
for spatially resolved isotopic analysis of 
biological tissue offering both the spatial 
resolution and the isotope ratio precision 

needed. While I believe that, at the sam-
pling site, the laser ablation (LA) equip-
ment is already there (10), the MC-ICP-MS 
detection system still struggles with very 
fast transient signals. To have success in an 
actual clinical context, sample throughput 
also would need to be enhanced. Most pa-
pers on the topic of “isotope metallomics” 
reporting on human samples deal with a 
relatively limited number of samples (typi-
cally <50). This often prevents acceptance 
of the work in medical journals, because 
the medical community is used to studies 
involving substantially higher numbers of 
individuals. To some extent however, such 
decisions overlook the precision with which 
MC-ICP-MS can document small changes 
and the systematic nature of the latter. But 
also, if ever adopted in clinical routine, 

sample throughput must be higher and 
that should be an incentive to think out of 
the box and explore alternative or “lighter” 
sample preparation protocols or even sim-
plified dedicated instruments.

Whatever the future of isotope metal-
lomics, I am still as intrigued as I was when 
I first read the Science paper mentioned 
above. My group will continue researching 
this issue with great enthusiasm.
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FIGURE 2: (a) Mg concentrations and (b) isotopic compositions (expressed as 
δ26Mg relative to DSM-3 isotopic reference material) for a reference popula-
tion (controls) and a cohort of diabetes type-I (T1D) patients. Y1 and Y2 corre-
spond to a first and second year of sampling, respectively. Although concen-
trations show no significant difference, there is a clear and systematic trend 
towards a lighter isotopic composition for the T1D patients. Reproduced from 
(9) with permission from The Royal Society of Chemistry (UK).

FIGURE 1: Array of Faraday cups intended for simultaneous monitoring of ion 
beam intensities in a multicollector ICP-mass spectrometer. In this set-up, the 
Faraday cups are moveable and motorized, enabling their position to be op-
timized with respect to the incoming ion beams. Alternatively, electrostatic 
“optics” can be used to steer the beams into the faraday cups. Reproduced 
with permission from Thermo Fisher Scientific.
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Investigations of Ageing 
Mechanisms for New 
High-Energy-Density  
Battery Materials with 
X-Ray Spectrometry 
Claudia Zech, Yves Kayser, Philipp 
Hönicke and Burkhard Beckhoff

The increasing demand for secondary 
electrochemical storage devices requires 
well characterized and working battery 
systems. Each battery suffers from deg-
radation effects that lead to capacity fad-
ing and life cycle reduction. The single 
mechanisms vary for different types of 
batteries. With electrochemical methods 
the decreasing capacity can easily be 
monitored, but to completely understand 
the responsible underlying chemical and 
physical properties, further analytic tech-
niques are needed. The German National 
Institute for Metrology (PTB) has demon-
strated the possibilities offered by X-ray 
spectrometry (XRS) to investigate aging 
mechanisms for different high-energy 
density batteries. XRS, traceable to the 
International System of Units, enables the 
quantitative determination of elemental 
mass depositions on a very large dynamic 
range that can be used to investigate, for 
example the transition metal deposition 
at the solid electrolyte interphase (SEI) in 
currently used lithium-Ion batteries (LIBs). 
Moreover, even the oxidation state and 
the species of an element, which plays a 
major role regarding ageing mechanisms, 
can be specified with XRS. In addition, 
XRS is a non-destructive and contactless 
analytical technique that can be used not 
only in post mortem (ex situ) mode, but 
also in in situ and even operando mode, 
which is shown in the following for the 
characterization of fading effects in lith-
ium-sulfur (Li/S) batteries.

Determination of Dissolved 
Polysulfides In Lithium-Sulfur 
Batteries By Coupling Operando 
NEXAFS Studies with Reference-
Free Quantitative XRS
Li/S cells are promising candidates for bat-
teries in electric vehicles and as stationary 

energy storage device because of their 
high theoretical specific energy density, 
which is five times higher than for LIBs. 
The Li/S battery is not yet widely commer-
cially used, because the currently acces-
sible energy density is much lower than 
the theoretical value, and, therefore, the 
underlying degradation mechanisms are 
a recent research topic. The mechanisms 
have not yet been completely unraveled, 
but it is known that the formation of the 
polysulfides soluble in the electrolyte is, 
besides the cathodic volume change and 
the growth of lithium dendrites, the main 
ageing mechanism for this type of bat-
tery because it leads to the loss of sulfur 
available as cathodic active material. To 
understand and consequently to avoid 
this fading, the evolution and the behav-
ior of the dissolved polysulfides have to 
be studied. 

Given that the ageing processes in 
the battery are time dependent, reliable 

analytical operando methods are needed 
that allow for the correlation of analytical 
information with the electrochemical per-
formance. Moreover, the dissolved poly-
sulfides can travel in the electrolyte solu-
tion through the cell and the movement 
between the electrodes is called polysul-
fide shuttle. Reaching the anode, further 
damaging effects can occur because of 
polysulfides undergoing reactions in the 
negative potentials. Therefore, polysulfides 
have to be studied not only on the cathode 
side but also in the near-anode region. 

We developed an operando coin cell 
that can be used to monitor the forma-
tion of dissolved polysulfides, as well as 
the related shuttle phenomena. We used 
a small probing hole of 3 mm diameter in 
the center of the electrode of interest and 
in the coin cell body. To enable working in 
a ultra-high vacuum (UHV) environment, 
the hole in the coin cell case is sealed with 
a thin window that has sufficient transmis-
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sion for incident as well as fluorescence ra-
diation around 2.4 keV. The operando cell 
for investigations of dissolved polysulfides 
on the anode side is shown in Figure 1.

When tuning the photon energy of 
monochromatized synchrotron radiation 
across the K absorption edge of sulfur, 
the binding state can be revealed for 
speciation purposes. Performing such a 
near-edge x-ray absorption fine structure 
(NEXAFS) investigation under operando 
conditions and recording the element-
specific fluorescence radiation with cali-
brated instrumentation in a traceable X-ray 
fluorescence (XRF) analysis approach, the 
absolute quantification of the mass de-
position of sulfur in dissolved polysulfides 
became feasible for the first time during 

three full charge-discharge cycles of a 
Li/S battery. With PTB’s reference-free 
XRF quantification method, no calibration 
samples or certified reference materials 
are needed, which is important because 
every aged battery cell is unique. A (dis-)
charge current of (C/10) C/5 is applied and 
each NEXAFS measurement around the 
sulfur K-edge took around 10 min, which is 
compared to the charge/discharge current 
rate and allows for the detection of even 
fast changes in the polysulfide amount. 
With the quantified sulfur mass in dis-
solved polysulfides and the known initial 
cathodic sulfur mass, the loss of active ma-
terial could be determined. The results for 
the polysulfides in the near-anode region 
is shown in Figure 2. 

With our measurement we identified 
that the reaction equilibrium for polysul-
fides is forced to the anode side because 
the average amount of polysulfides in-
creases over cycles. That can be explained 
by an inhibited movement of polysulfides 
from the cathode to the anode side dur-
ing the recharge process possibly caused 
by Li ions moving from the cathode back 
to the anode. This progress corresponds 
in the electrochemistry curve to the dip 
at 2.4 V. In addition, by means of ap-
propriate experimental and NEXAFS 
evaluation procedures, access to the 
change of the average polysulfide chain 
length could be achieved which enables 
a deeper understanding of the capacity  
fading processes. 

The current operando measure-
ment cells as well as the quantification 
method can be adopted for other kind 
of cell chemistries, like LIBs and all solid-
state batteries, and also for catalytic 
processes. Moreover, the cell is suitable 
for different analytical techniques. We 
additionally performed cyclic voltamme-
try, operando Raman spectroscopy, and 
operando X-ray radiography, which lead 
to additional and complementary infor-
mation about the aging mechanism.
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The Use of X-Ray Powder Diffraction 
(XRD) and Vibrational Spectroscopic 
Techniques in the Analysis of  
Suspect Pharmaceutical Products

As the global marketplace for pharmaceu-
tical products increases, so does the po-
tential for counterfeit products entering 
the legal distribution supply chain, pos-
ing a major threat to public health. Coun-
terfeit pharmaceuticals are unregulated 
products that may contain the incorrect 
amount of active pharmaceutical ingredi-
ent (API), a different API, no API, or in-
correct excipients within the counterfeit 
product. Types of pharmaceutical prod-
ucts counterfeited include solid dosage 
forms (tablets and capsules) and inject-
able products (such as oncology drugs). 
Historically, counterfeit products have 
ranged from poor to very sophisticated 
copies of the original product. Depending 
on the type of product encountered, a va-
riety of different physical and instrumen-
tal analysis techniques may be required to 
distinguish between a suspect counterfeit 
and authentic product. It is important to 
use multidisciplinary approaches when 
analyzing suspect counterfeit prod-
ucts. The Food and Drug Administration 
(FDA)’s Forensic Chemistry Center con-
tinually investigates new instrumentation 
and methods to add to the growing list 
of instrumental techniques available to  
analyze suspect counterfeit products.

Mark R. Witkowski and Kelsey DeWitt

Counterfeit pharmaceuti-
cal products pose a major 
threat to public health. Coun-

terfeit pharmaceuticals are unregu-
lated products which may contain 
dangerous, harmful ingredients, or 
insuf f icient amount of the ac tive 
pharmaceutical ingredients (APIs). 
These illegally manufactured prod-
ucts have been found widely distrib-
uted throughout the world, which 
presents an ongoing public health 
threat (1–4). There are many different 
counterfeit products (4–7), requiring 
multiple analy tical techniques to 
authenticate (4,8–10). X-ray powder 
diffraction (XRD) is a technique used 
to analyze various types of trace 
evidence (glass, paint, and drugs 
[11,12]). Previous work has demon-
strated that X-ray diffraction is useful 
in pharmaceutical analysis, including 
the analysis of suspect counterfeit 
products (13 –15). Combined with 
Fourier transform infrared (FT-IR) 
spectroscopy, XRD can be used to 
dif ferentiate suspec t counter feit 
products from authentic products. 

Estimates vary, but the highest 
percentages of counterfeit products 

are often found in developing coun-
tries. Examples of counterfeit phar-
maceuticals include brand name and 
generic products in a wide variety of 
therapeutic groups such as antibiot-
ics, antihistamines, anti-malarials, 
hormones, steroids, lifestyle drugs, 
and other products. Patients with 
prolonged or chronic illnesses may 
experience exacerbated symptoms 
or death as a result from taking a 
counterfeit medication. For example, 
if preventative medications such as 
anti-malarial pharmaceuticals are 
counterfeit, the patients would still 
be at risk of developing and trans-
mitting the disease. 

The Food and Drug Administra-
t ion (FDA)’s Forensic Chemis tr y 
Center (FCC) has been involved 
in the analysis of suspect pharma-
ceutical products for more than 20 
years. This has allowed the FCC to 
develop extensive expertise in the 
forensic examination of pharmaceu-
tical APIs and dosage forms. A mul-
tidisciplinary approach incorporates 
a broad array of laboratory instru-
mentation, methods, and expertise. 
Depending on the type of product 
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encountered, a variety of dif ferent 
physical and instrumental techniques 
may be required to distinguish be-
tween a suspect counterfeit and the 
authentic product. These include vi-
sual or optical microscopic analysis, 
molecular spectroscopy, elemental 
analysis, and a variety of separa-
tion techniques (8,9). Many of these 
laboratory techniques and methods 
are now being used to analyze phar-
maceutical products outside of the 
laboratory setting (9). 

XRD is a technique which has 
found use in forensic science (11,12). 
Often, XRD is used for phase iden-
tif ication of crystalline materials, 
and to obtain unit cell dimensional 
information of materials (16,17). Most 
materials have distinct X-ray diffrac-
tion patterns, and can be identified 
within a compound or mixture when 
compared to databases of known 
XRD patterns. The use of XRD for the 
identification of pharmaceuticals has 
been demonstrated in various stud-
ies (3,14,15). Several of these studies 

have shown that XRD can be used to 
determine the presence of API and 
other materials with limited sample 
preparation of the dosage form. 
One study obtained XRD patterns 
of intact tablets after the removal of 
the tablet coating, while other stud-
ies were able to obtain XRD pat-
terns of dosage forms through the  
blister packaging. 

This  paper desc r ibes an XRD 
method and its comparison to FT-IR 
spectroscopic methods used in the 
analysis of suspect counterfeit phar-
maceutical products. The goal was to 
determine the advantages and limi-
tations of XRD and determine what 
complementary information XRD 
could provide to the FT-IR analysis 
of suspect counterfeit dosage forms. 

Experimental
A Bruker AXS D2 Phaser X-ray dif-
fractometer configured with a Cu-Kα 
source and a LynxEye Detector was 
used to analyze all samples for this 
study. The data acquisition param-

eters included a scan range of 19 ° to 
135 ° 2Theta step size of 0.03 °, and 
step time of 0.3 sec. The total run 
time for each sample was 20 min. The 
Bruker AXS Measurement Suite and 
Diffrac. EVA V2 software packages 
were used to collect and evaluate the 
diffraction patterns of samples col-
lected. A daily performance check of 
the instrument was performed using 
an aluminum oxide (Al2O3) reference 
sample provided by Bruker.

The FT-IR spectra of all tablets (au-
thentic and suspect), APIs, and excip-
ients had been collected previously 
using a Thermo Nicolet 8700 FT-IR 
spectrometer with a DTGS detec-
tor. The sample preparation method 
used is described elsewhere (8,9). 
Each FT-IR measurement was made 
using a SensIR Durascope attenu-
ated total ref lection (ATR) attach-
ment. The single reflection internal 
reflectance element (IRE) consisted 
of diamond coated zinc selenide 
(ZnSe). Each FT-IR spec trum was 
collected using 4 cm-1 resolution, 64 
coadditions over a spectral range of 
4000 to 650 cm-1. Omnic (version 8.0) 
was used to evaluate the FT-IR spec-
tra, and apply an ATR correction to 
each FT-IR spectrum.

A series of authentic products, 
APIs and excipients were identified 
as candidates to generate the ini-
tial XRD library (Table I). The criteria 
used for authentic product selec-
tion included products represent-
ing a variety of dif ferent therapeu-
tic categories, a range of dif ferent 
API concentrations, and products 
known to be counterfeited. Based 
on the ingredients listed for each 
authentic product, product specific 
APIs and excipients were analyzed by 
XRD to establish a library of standard 
XRD spectra for comparison to the 
authentic and suspect counter feit 
dosage forms. 

XRD API and Excipient 
Standards Preparation
Different preparation methods were 
tested, which included varying the 

TABLE I: List of authentic dosage forms, active pharmaceutical ingredients 
(APIs) and food-grade excipients used to build XRD library.

Authentic Dosage Forms APIs Excipients

Abilify Acetylsalicylic acid Mannitol

Actonel Aripiprazole Microcrystalline cellulose

Cialis Risedronate sodium Polyethylene glycol

Hyzaar Tadalafil Povidone

Lipitor Losartan potassium Lactose monohydrate

Plavix Hydrochlo-
rothiazide Magnesium stearate

Reyataz Atorvastatin Croscarmellose sodium

Singulair Clopidogrel 
bisulfate Calcium phosphate

Trizivir Atazanavir sulfate Hypromellose

Viagra Montelukast 
Sodium

Titanium dioxide (ru-
tile, anatase)

Xanax Abacavir sulfate Cornstarch

Zetia Lamivudine Sodium lauryl sodium

Zyprexa Zidovudine Talc

Sildenafil citrate Calcium carbonate

Alprazolam Candelilla Wax

Ezetimibe Carnuaba Wax

Olanzapine Sodium benzoate
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grinding method (by hand or me-
chanical), amount of powder used, 
gr inding t ime, and compression 
pressure. XRD dif fraction patterns 
were collected of each preparation 
and the data collec ted reviewed. 
Based on the XRD pat terns col-
lected, the best method involved 
grinding the powder (excipient or 
API) and compressing it into a pellet 
using a Carver Press (International 
Crystal Laboratories). The excipi-
ent or API (120 –20 0 mg) powder 
was placed into a polystyrene vial 
(Sigma Aldrich) with a plexiglass 
grinding ball (Sigma Aldrich). The 
powder was ground using a Wiggle 
Bug (Cresent) for 10 s, and, af ter 
grinding, 60 mg of ground powder 
was placed into a 1 cm diameter 
pel let d ie ( Internat ional Cr ys tal 
Laboratories), and compressed at 
4,000 psi using a Carver press. Each 
pellet was placed on a poly(methyl 
methac r y la te)  (PMM A )  (B r uker ) 
sample holder, mounted into the 
XRD sample compartment, and an 
X-ray dif frac tion pat tern was col-
lec ted for the sample. The pellet 
was placed into a 20 mL glass vial  
for storage.

XRD Dosage Form 
Sample Preparation
As with the APIs and excipients, 
multiple preparation methods were 
tested, including analyzing the whole 
tablet (intact), removing the tablet 
coating then analyzing the tablet, 
and using the same preparation 
method used for the excipients and 
APIs. The minimal sample prepara-
tion methods (intact tablet, remov-
ing tablet coating) did not provide 
acceptable XRD patterns that could 
be used for comparison to the stan-
dard materials. It was found that the 
same sample preparation method 
used for the excipients and APIs pro-
vided the optimum XRD patterns for 
each dosage form.

A tablet (coating and core) was 
cut into pieces, and half of the tablet 
placed into a polystyrene vial with a 
polystyrene grinding ball. The tab-
let was ground, and the powder was 
placed into a 1 cm diameter pellet 
die. The ground tablet was com-
pressed at the same pressure as the 
excipients and APIs using a Carver 
press. The tablet pellet was placed 
on a PMMA sample holder, an X-ray 
dif fraction pattern was collected, 

and the pellet was placed into a 20 
mL glass vial for storage.

Discussion
XRD Analysis of Products
To determine if the powder or tab-
let preparation method changed the 
material’s crystalline form, two differ-
ent crystalline (polymorphic) forms 
of titanium oxide (TiO2) were pre-
pared and analyzed using XRD. The 
X-ray diffraction patterns collected 
of the two dif ferent forms of TiO2, 
rutile and anatase, were compared 
to the X-ray powder diffraction pat-
terns found in the literature (18). The 
XRD patterns measured were con-
sistent with the literature, indicating 
the sample preparation method used 
did not alter the crystalline form of 
the materials or add any artifacts to 
the diffraction patterns. 

E xamples of the XRD di f f rac -
tion patterns collected of three ex-
cipients, and their associated FT-IR 
spectra are shown in Figure 1. The 
diffraction patterns of talc and lac-
tose monohydrate exhibit sharp 
peaks with a high signal-to-noise 
ratio (S/N) compared to the diffrac-
tion pattern of microcrystalline cel-
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FIGURE 1: Comparison of XRD patterns and FT-IR spectra of three common pharmaceutical excipients: (1a, 1d) talc, (1b, 1e) 
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lulose (MC) (Figure 1). The XRD pat-
tern of MC exhibits broad bands with 
low a S/N, indicating MC is more 
amorphous when compared to talc 
and lactose monohydrate. The FT-IR 
spectra of all three excipients ex-
hibit strong infrared (IR) peaks over 
the entire spectral range. In tablet 

formulations, most of the tablet core 
formulation consists of a mixture of 
excipients at varying concentrations 
and determining the presence or ab-
sence of individual excipients in the 
FT-IR spectra may be complex, due 
to strong overlapping bands. How-
ever, the XRD patterns of excipients 

appear to be more selec tive (for 
example, sharper bands) and there-
fore may be more useful in trying to 
confirm the absence or presence of 
a specific excipient material. 

XRD patterns were collected for 
all the authentic products, and Fig-
ure 2 shows the XRD patterns of four 
different authentic products. When 
compared to each other, the XRD 
patterns for authentic products 1, 
2, and 4 are unique, and exhibit nu-
merous peaks that can be used for 
comparison to suspect products. 
However, several authentic products 
analyzed (Table I) exhibited the same 
or similar XRD patterns. An example 
of this is shown in Figure 2. The XRD 
pat tern of authentic Product 3 is 
consistent with the XRD pattern of 
Product 2, indicating the products 
have similar product formulations. 
This was confirmed by reviewing the 
ingredients list and the FT-IR spectra 
of Products 2 and 3. Products 2 and 
3 contain different APIs, but at very 
low amounts, with the remainder 
of each product formulation being  
the similar.

The XRD pat terns of the other 
authentic dosage forms were then 
compared to their respective API 
and excipient XRD pat terns. The 
XRD pattern of the API and excipi-
ents known to be present in each 
authentic product were overlaid and 
visually compared to determine if 
unique peaks could be used to indi-
cate the presence or absence of the 
various materials. In most cases, the 
XRD patterns of the authentic prod-
ucts were dominated by the highest 
concentration excipients in the for-
mulation. These results are like FT-IR, 
where the IR spectrum of the tablet 
core is dominated by the higher con-
centration API(s) or excipients. 

It was dif ficult to visually deter-
mine the presence of the API within 
the authentic dosage form XRD pat-
terns. This may be due in par t to 
the manipulation of the API during 
the manufacturing process (granu-
lation, blending, and tablet com-
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FIGURE 2: (a through d) Examples of X-ray powder diffraction patterns of four 
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FIGURE 3: X-ray powder diffraction patterns of four different authentic prod-
ucts to assess reproducibility and variability. (a) and (b) Two pellets (red vs. 
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tablets (red vs. black) from the same lot number. (e) and (f) Two pellets (red 
vs. black) created from two tablets from two different lot numbers.  
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pression). Also, the concentration 
of the API in each of the authentic 
products (weight percent) may be 
below the detection limit for XRD 
and the method. Therefore, the pres-
ence or absence of APIs could not 
be used as a means for determining 
authenticity of a product using XRD  
spectral analysis. 

Because of this, it was decided to 
use the overall XRD pattern (profile) 
for comparison of suspect counter-
feit products to authentic products. 
The United States Pharmacopoeia 
(USP) general chapter <941> states 
that a variance in peak positioning 
(peak shif ts) of 0.2° 2Theta or less 
are to be expected (19). This is due in 
part to the orientation of the material 
in the pellet and the slight changes 
in crystallinity of the material. Vari-
ances greater than 0.2° 2Theta would 
be indicative of a different crystalline 
structure of a material (17). Using au-
thentic products, experiments were 
conducted to determine the vari-
ability of duplicate measurements 
of a single tablet, variability between 
tablets from the same lot, and lot-
to-lot variability. The XRD patterns 
were collected, and individual peak 
positions were measured for each. 
Examples of these experiments are 
shown in Figure 3. In all cases, peak 
shifts observed were less than 0.2° 
2Theta. Based on the results of the 
comparison of the authentic dos-
age form XRD patterns to their as-
sociated APIs and excipients and 
the reproducibility and variability 
experiments, the criteria for compar-
ing a suspect counterfeit product to 
an authentic product were estab-
lished. If the XRD pattern of the sus-
pect product has additional peaks, 
missing peaks, or if the peak posi-
tions were shifted greater than 0.2° 
2Theta compared to an authentic 
product, the suspect product would 
be considered not consistent with  
the authentic. 

A series of suspect products previ-
ously analyzed using FT-IR were pre-
pared as above and analyzed using 

XRD. XRD patterns were obtained 
and compared to their respective 
authentic produc ts. Examples of 
these comparisons are shown in 

Figure 4. In all cases, the suspect 
products exhibit very different XRD 
patterns when compared to the au-
thentic produc ts, demonstrating 
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FIGURE 4: X-ray powder diffraction spectra of four different suspect counter-
feit products and their associated authentic pharmaceutical products.
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that the XRD method works well as 
an authenticity screening method 
and is useful in confirming the re-
sults obtained by FT-IR analysis. 
Based on the FT-IR analysis, the 
suspect products had very different 
formulations when compared to the  
authentic product.

Comparison of XRD to FT-IR
Both XRD and FT-IR can generate 
spectral profiles of authentic prod-
ucts, which can be used for compari-
son to suspect counterfeit products. 
These authentic profiles can be used 
to analyze suspect counterfeit prod-
ucts rapidly. Figure 5 shows two ex-
amples of XRD patterns and FT-IR 

spectra obtained for the same set of 
products. In both examples, the sus-
pect products can be distinguished 
from their respective authentic prod-
ucts. However, determining the for-
mulation differences between the sus-
pect and authentic products is easier 
with FT-IR than with XRD. With FT-IR, 
determining individual formulation 
components can be accomplished 
using spectral searching, data pro-
cessing techniques (such as spectral 
subtraction) and spectral interpreta-
tion. However, in this example the 
XRD patterns identifying individual 
peaks or groups of peaks associated 
with formulation ingredients in the 
XRD patterns can be challenging.

The crystallinity of an API will de-
termine its solubility. In some cases, 
an API may have two or more differ-
ent crystalline or polymorphic forms, 
with each crystalline form having a 
dif ferent solubilit y. These dif fer-
ences in solubilit y may either in-
crease or decrease the bioavailability 
of the API. Figure 6 is an example of 
an API which exists as two different 
polymorphic forms (1 and 2). Both 
XRD and FT-IR can differentiate be-
tween the forms; however, the XRD 
patterns are more distinct (sharper 
peaks, less overlap) compared to the 
FT-IR spectra. Although the XRD pat-
terns are easily differentiated in the 
bulk API, being able to identify the 
different forms in a tablet formula-
tion may be problematic. This is 
based on the experience of trying to 
visually identify unique peaks associ-
ated with the API in the XRD pattern 
of a tablet formulation.

For most excipients and APIs ana-
lyzed, the XRD patterns exhibited 
sharp peaks especially for inorganic 
excipient materials (such as silicates, 
carbonates). Some tablet formula-
tions use inorganic excipients, and 
the amounts used are product-de-
pendent. The presence or absence 
of inorganic excipients may be useful 
in determining the authenticity of a 
suspect product, especially in cases 
where the suspect is a sophisticated 
copy, and very small FT-IR spectral 
dif ferences are observed between 
the suspect product and the au-
thentic. Figure 7 is an example of an 
authentic product which contains a 
low amount of an inorganic excipi-
ent. The FT-IR spectrum of the au-
thentic tablet core is dominated by 
the API and the higher concentration 
excipients. The lower concentration 
inorganic excipient is strongly over-
lapped making it impossible to de-
termine if this material is present in 
the formulation. Comparing the XRD 
pattern of the authentic tablet to the 
XRD pattern of the inorganic excipi-
ent, the peaks associated with the in-
organic excipient are easily observed. 
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Although the peaks of the standard 
are shifted compared to the tablet, 
the number of peaks and the peak 
height ratios are consistent between 
the standard and the tablet. The peak 
shifts between the standard and tablet 
are likely due to the manipulation of 
the inorganic excipient material during 
the manufacturing process. 

Conclusions and Future Work
A method was developed to analyze 
and produce quality XRD spectra of 
authentic pharmaceutical products, 
APIs, excipients, and samples of sus-
pected counterfeit pharmaceutical 
products. Criteria were established 
to determine the authenticity of a 
pharmaceutical product based on 
comparing the XRD pattern profiles 
of a suspect to an authentic product. 
A limited amount of formulation in-
formation can be obtained from the 
XRD pattern profiles of tablets; how-
ever, identifying specific peaks associ-

ated with the API is difficult. This type 
of non-destructive, minimal sample 
preparation technique could be use-
ful when analyzing large numbers of 
pharmaceuticals. 

XRD is a complementary tech-
nique to FT-IR spectroscopy. Both 
techniques generate information-rich 
spectra that can be used for deter-
mining authenticity of pharmaceuti-
cal products. Combining these tech-
niques in the analysis of a suspect 
counterfeit product provides a more 
complete view of the sample which 
can be useful in the analysis of sophis-
ticated products. Both XRD and FT-IR 
are solid state analytical techniques 
allowing for the sample to be re-
tained for further analysis using other 
laboratory instrumental methods. Cur-
rently, spectra are overlaid and visually 
compared to determine authenticity; 
however; automating the spectral 
comparison by incorporating spectral 
searching capabilities would be use-

ful. Finally, it would be beneficial to 
modify the current sample preparation 
method or develop a new method to 
better identify the APIs within the dos-
age forms. 
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Palm spectrometer
BaySpec’s Breeze palm 
spectrometer is designed 
with an extended wave-
length range from the 
Short-Wave Infrared (SWIR) 
range up to the long end of 
2500 nm. According to the 
company, the device can 
perform quantitative and 
qualitative analysis anytime 
and anywhere for plants plastics, illicit drugs, pharmaceuti-
cals, explosives, biological warfare agents, medicine, food, 
and any other material.  
BaySpec, Inc. San Jose, CA. www.bayspec.com

Quantitative analysis program
CrossRoads Scientific’s 
XRS-FP2 software pack-
age is designed as a quan-
titative analysis program 
for materials and thin-film 
analysis using X-ray fluo-
rescence (XRF) or Electron 
Probe X-ray Analyzer 
(EPXA) X-ray spectros-
copy techniques. Accord-
ing to the company, the software is capable of fundamental 
parameter or standards-based analysis.  
CrossRoads Scientific, Middletown, CT.  
www.crossroadsscientific.com

WDS spectrometer
The Lamda Wavelength 
Dispersive Spectrometry 
(WDS) spectrometer from 
EDAX is designed with 
an X-ray optical module 
that extends the WES 
operational energy range, 
improves energy resolu-
tion, and enhances the 
signal to reach low detec-
tion limits. According to the company, the spectrometer uses 
a combined hyperbolic-parabolic HCO optical design with a 
polycapillary transmitter.  
EDAX Inc., Mahwah, NJ. www.edax.com

Spectrometer system
The SphereSpectro 150H 
spectrometer system 
from Gigahertz-Optik is 
designed for simultane-
ously determining the 
spectral absorption and 
scattering coefficients 
for scattering samples. 
According to the company,  
the coefficient can also be 
determined for scattering media independent of the scatter-
ing properties of the turbid medium.  
Gigahertz-Optik Inc., Amesbury, MA.  
www.gigahertz-optik.com

X-ray window
Moxtek’s X-ray window is 
designed for light element 
microanalysis applications. 
According to the company, 
the window is able to 
withstand temperatures up 
to 200 °C, is suitable for 
applications requiring high 
transmission of low energy 
X-rays, and is constructed 
from low-Z materials. 
Moxtek, Inc., 
Orem, UT. 
www.moxtek.com

ATR sampling accessory
The AutoATR accessory 
from PIKE is designed for 
large-scale studies and 
high-throughput laborato-
ries. According to the com-
pany, the accessory offers 
up to 24 unique Attenuated 
Total Reflectance (ATR) 
measurements, and uses a 
microtiter-style plate, which 
contains twenty-four 500-
μm thick micro-machined 
silicon ATR elements. 
PIKE Technologies, Madison, WI. www.piketech.com

Evacuable pellet dies
Evacuable pellet dies 
available from REFLEX 
Analytical are designed for 
Infrared (IR), X-ray  
Fluorescence (XRF), and 
X-ray Diffraction (XRD) 
powdered sample prepa-
ration. According to the 
company, larger-diameter 
customized geometries 
and dimensions are 
encouraged, and available 
upon request, for evacuable and non-evacuable type dies. 
REFLEX Analytical Corp., Ridgewood, NJ. www.reflexusa.com

Microwave digestion
Milestone’s UltraWAVE 
microwave digestion 
system uses the company’s 
single reaction chamber 
technology for metals 
digestions. According to 
the company, the system 
uses a single pressurized 
vessel for all samples, 
allowing for simultaneous 
digestion of up to 22 
samples. The system reportedly can accommodate a 
maximum temperature of 300 °C and pressure of 199 bar.  
Milestone, Inc., Shelton, CT. www.milestonesci.com/ultrawave

http://www.bayspec.com
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http://www.edax.com
http://www.gigahertz-optik.com
http://www.moxtek.com
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http://www.reflexusa.com
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MEMS-based NIR spectral sensor
Ocean Insight’s NanoQuest 
spectral sensor is designed 
for qualification and quan-
tification of materials from 
1350 to 2500 nm (7400 
to 400 cm-1). Accord-
ing to the company, the 
micro-electro-mechanical 
systems (MEMS)-based 
sensor includes an optical 
fiber and operating software, and can be coupled to its vari-
ous light sources and accessories to configure systems for 
absorbance and transmission or reflectance measurements. 
Ocean Insight, Largo, FL. www.oceanInsight.com

WDXRF spectrometer
Rigaku’s Supermini200 
benchtop sequential 
wavelength dispersive 
X-ray fluorescence 
(WDXRF) spectrometer 
is designed for elemental 
analysis of solids, liquids, 
powders, alloys, and thin 
films. According to the 
company, the spectrom-
eter incorporates EZ 
Analysis, a software feature designed to simplify everyday  
routine operation. 
Rigaku Corporation, Austin, TX. www.rigaku.com

Diffraction database
The PDF-4+ 2019 database 
from ICDD is designed for phase 
identification and quantita-
tive analysis. According to the 
company, the database includes 
412,083 entries with digital pat-
terns for use in total pattern 
analysis; 312,395 entries with 
I/Ic values for quantitative anal-
ysis by reference intensity ratio; 
and 311,225 entries with access to atomic coordinates sets for 
quantitative analysis by the Rietveld method.  
International Centre for Diffraction Data,  
Newtown Square, PA. www.icdd.com

Spectrophotometer linearity validation
A set of absorbance 
references for linearity 
checking is available from 
Starna. According to the 
company, these Certified 
Reference Materials 
(CRMs) enable users to 
demonstrate instrument 
linearity to meet the 
requirements of major 
Pharmacopoeia standards, including the latest  
European Pharmacopoeia 10.0 Chapter 2.2.25 and USP  
Chapter <857>.  
Starna Cells Inc., Atascadero, CA. www.starna.com
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