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Celebrating 35 Years of Spectroscopy

A ll of us at Spectroscopy are excited to be celebrating our 35th year of publishing. To honor the occasion, 

we asked leading spectroscopists to share their perspectives on their areas of focus, whether that be 

a specific technique or an area of application. Some of these articles assess the significant advances 

that have been made in recent decades. Many address an important current challenge that spectroscopists are 

working to overcome. Others look at opportunities for the future. Some do all three.

In total, we received 26 excellent contributions, and we are grateful to the thought leaders who took the time 

to share their views with you, our readers. Given the enormous response, we have made what was originally going 

to be a single anniversary issue into two, this month and next—for double the impact! In each issue, we include 

articles that address a range of analytical spectroscopy techniques and applications, to give you a broad sense of 

where the field of analytical spectroscopy stands and where it is heading.

In this issue, we start with a look at Raman spectroscopy. Zac Schultz of the Ohio State University assesses 

machine learning for enabling complex bioanalysis with surface-enhanced Raman scattering (SERS). Mun Seok 

Jeong of Sungkyunkwan University evaluates at the evolution and future of tip-enhanced Raman spectroscopy 

(TERS) as a quantitative and qualitative analysis technique. 

Robert Hannah looks at the gaps in teaching spectral interpretation of both Raman and infrared (IR) spectra. 

Heinz Siesler of the University of Duisburg-Essen and Hu Yan of Jiangsu University of Science and Technology 

assess the reality of handheld near-infrared (NIR) spectrometers, and how that compares to the hype.

John Olesik of the Ohio State University considers the strengths and shortcomings of inductively coupled 

plasma–optical emission spectroscopy (ICP-OES), and in what ways other techniques may (or may not) be able to 

challenge this technique. Norbert Jakubowski, a former division head at the German Federal Institute for Materi-

als Research and Testing (BAM), considers the promise of ICP-mass spectrometry (ICP-MS) for single-cell and 

single-protein analysis.

Jerry Workman and Howard Mark—who share our anniversary, given that they have been writing the “Che-

mometrics in Spectroscopy” column for our publication for 35 years—address an important remaining challenge 

in chemometrics. Juergen Popp and colleagues at the Leibniz Institute of Photonic Technology consider how 

molecular spectroscopy techniques can be combined with artificial intelligence methods to make them more 

effective as process analytical technology (PAT). 

Yukihiro Ozaki of Kwansei Gakuin University discusses the strengths of far-ultraviolet spectroscopy, and de-

scribes a few applications where those features can provide great benefits. José Manuel Costa-Fernandez of the 

University of Oviedo describes the advantages of using nanoparticle labels with ICP-MS for the analysis of clinical 

biomarkers. Dmitry Kurouski of Texas A&M University shows how Raman spectroscopy is aiding agriculture, and 

Igor Lednev of the State University of New York at Albany explains how Raman spectroscopy can help determine 

the time of a crime. 

Duncan Graham of the University of Strathclyde wraps up our special coverage this month by addressing a very 

timely question: Can Raman spectroscopy aid in the fight against the current coronavirus pandemic?

These articles highlight the important contributions that analytical spectroscopy techniques have made, and 

are continuing to make, in the broader field of analytical chemistry and in a wide range of scientific disciplines and 

industries. They also provide help focus our attention on remaining gaps and significant opportunities.

Please tune in next month for the second half of our special anniversary coverage. There, another set of experts 

will address questions in these and other techniques and applications.

mailto:lbush@mjhlifesciences.com
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FEATURED ARTICLE

Celebrating 35 Years  
of Spectroscopy

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

Rise of the Machines:  
SERS Instrumentation and 
Machine Learning Enabling 
Complex Bioanalysis
Zachary D. Schultz

Advances in instrumentation and 
data analysis suggest that surface 
enhanced Raman scattering (SERS) is 
a powerful tool to characterize com-
plex samples. Since the initial experi-
ments and subsequent realization 
that Raman signals are significantly 
enhanced on the sur face of plas-
monic, structured, metal surfaces, 
surface enhanced Raman scattering 
(SERS) has evolved into an ultrasen-
sitive method for chemical analysis 
(1–3). Indeed, understanding of how 
light is concentrated and how the local 
fields are enhanced and re-radiated by 
plasmonic structures has driven SERS 
research forward (4). Advances in SERS 
substrates, now commercially avail-
able from a number of sources, and 
improved sampling strategies, sug-
gest that SERS is poised to be potent 
analytical technique. Indeed, it is now 
relatively straightforward to produce a 
SERS signal, and with this greater un-
derstanding of signal enhancements, 
increased attention is being given to 
applications using SERS. 

However, since the early days of 
SERS, one of the more befuddling as-
pects of SERS analysis has been that 
the SERS spectrum observed from a 

molecule is not always the same as the 
spontaneous Raman spectrum. The 
origin of these spectral differences 
has been attributed to surface selec-
tion rules, charge-transfer effects, 
photo-reactions, and other phenom-
ena (5–8). Indeed, these signal varia-
tions have raised suggestions that li-
braries of SERS spectra are needed to 
properly identify analytes in mixtures. 
This need for libraries is complicated 
by observations that the SERS signal 
from a sample can vary depending on 
common variables like the substrate or 
laser excitation wavelength.

Although the identity of an unknown 
molecule, or molecules, in a complex 
system (such as human biofluids) that 
give rise to a SERS signal can be elu-
sive, new advances in computing are 
enabling SERS analysis of complex 
systems through machine learning and 
related algorithms (9). The detected 
bands in a SERS spectrum provide an 
information-rich signal that can be ana-
lyzed with computer algorithms, even if 
an analyst does not know the molecular 
origin of the signal. Algorithms include 
neural networks, random forest, and ar-
tificial intelligence algorithms, as well 
as multivariate regression and other 
chemometric routines. With a rise in 
companies producing commercial soft-
ware and the availability of web-based 
shareware routines, the activation bar-
rier to these analyses methods contin-
ues to decrease. 

The underlying principle of machine 
learning is that given enough data, a 
computer can use small fluctuations 
and patterns to classify the outcome. 
The most common approach is to 
use a training set‚ samples of known 
classes to generate a neural network 
or other machine learning model that 
will properly capture the variance in 
the sample data and predict to what 
class an unknown sample belongs. 
As the cost of computing power de-
creases, more-sophisticated methods 
are accessible to analyze data. The 
clear advantage of machine learning 
is that the chemically rich SERS signal, 
where each vibrational mode detected 
acts as a variable, can classify the com-
plex sample signals as arising from dif-
ferent specific classes, such as healthy 
or diseased cells (Figure 1). As the 
instrumentation and methods using 
SERS increase the ability to generate 
large amounts of SERS data quickly, 
these analyses provide an incredibly 
powerful way to utilize the chemical 
information in the SERS spectra for di-
agnostic assays and to monitor chemi-
cal changes. With increased training 
sets, there is potential to refine such 
classes further, such as to determine 
which treatment will likely be most ef-
fective for a disease.

The downside to machine learning 
algorithms is that the models rely on 
appropriate training data and, for the 
most part, can only classify a sample 
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into classes that have been predeter-
mined. Both supervised and unsuper-
vised methods exist, but all models 
require validation against data sets 
with known classifications. A further 
downside to these methods is the loss 
of information. Although the variance 
in the SERS data arises from molecu-
lar differences, the identity of these 
molecules can be difficult to recover. 
Returning to the biofluid example, the 
machine learning algorithm may clas-
sify a sample correctly; however, infor-
mation, such as a specific upregulated 
biomolecule to be targeted for ther-
apy, is lost. Complementary methods 
are often necessary to further assess 
the disease. 

In a recent study we were able to 
perform SERS detection following a 
high-performance liquid chromatog-
raphy (HPLC) separation of a mouse 
tumor cell lysate and show that the 
molecular composition significantly 
changed between healthy and vari-
ous types of cancerous cells (10). The 
molecules with consistent increases 
in concentration generated patterns 
that appear to be characteristic of 

the sampled cells. These patterns can 
be readily differentiated by machine 
learning algorithms. Again, although 
the identity of the molecules detected 
by HPLC are unknown, computer mod-
els can use the patterns in the ob-
served spectra to track and diagnose 
disease. Additionally, analysis of the 
underlying data may indicate key bio-
molecules important in the disease, 
without knowing the identity of the 
actual molecules. In such cases where 
knowing the identity of a specific 
molecule is not necessary, the abil-
ity to rapidly generate SERS spectra 
and analyze them with machine learn-
ing makes it possible to capture the 
chemical information in SERS data to 
enable informative characterization. 
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Evolution and Future of Raman 
Spectroscopy: Tip-Enhanced 
Raman Spectroscopy 
Chanwoo Lee and  
Mun Seok Jeong

Spectroscopy has been widely used in 
various fields such as physics, chemis-
try, and biology. Spectroscopy can be 
divided into several kinds according to 
the mechanisms of the interaction be-
tween electromagnetic radiation and 
matter. These kinds of spectroscopy 
may be subdivided into fluorescence, 
absorption, and scattering phenomena. 
Fluorescence spectroscopy detects the 
re-emitted light from the absorbed light 
energy, absorption spectroscopy mea-
sures the absorption of the light energy 
in the matter, and scattering spectros-
copy is an optical technique that ob-
serves the scattered light when the light 
is irradiated into the matter.

In particular, among the scatter-
ing spectroscopy techniques, Raman 
spectroscopy is known as a non-
destructive optical technique that 
analyzes the physical and chemical 
properties of matter by using Raman 
scattered light. When light is irradi-
ated into a substance, the light can 
be scattered due to the interaction of 
the light and the substance. When the 
scattered light retains the energy of 
the incident light, the scattering pro-
cess indicates Rayleigh scattering. The 
scattering mechanism, which either 
obtains or loses the energy through 
either emitting or absorbing the pho-
non by lattice vibrations, is called 
Raman scattering. In particular, when 
an atom or molecule absorbs energy 
and the scattered phonon has less en-
ergy than the incident photon, this is 
called Stokes-Raman scattering, and 
this Stokes-Raman scattering has been 

commonly analyzed in Raman spec-
troscopy. In general, through Raman 
scattering analysis, the energy and 
symmetry of phonons are revealed 
and the information on the crystal 
structure of the substance can be at-
tained. Although Raman spectroscopy 
has the great advantages of label-free 
detection and being a non-destructive 
technique, it is difficult to obtain the 
Raman scattering signal because of 
the small scattering cross-section in 
Raman spectroscopy.

To solve this problem, surface-en-
hanced Raman spectroscopy (SERS) 
was introduced to enhance the Raman 
signals. In SERS, the Raman scatter-
ing signals from the matter in the vi-
cinity of the metal nanoparticles can 
be enhanced and measured by using 
the induced electric field due to lo-
calized surface plasmon resonance 
(LSPR), which indicates an interaction 
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between an electromagnetic wave 
and the nanoparticles. Even though 
the limitations of conventional Raman 
spectroscopy have been overcome 
through SERS, it is technically difficult 
to obtain a Raman scattering spec-
trum or image that exhibits a high 
spatial resolution beyond the diffrac-
tion limit. Just as SERS can address 
limitations of traditional Raman spec-
troscopy, the limitations of SERS can 
be resolved through a state-of-the-art 
spectroscopic technique called tip-
enhanced Raman spectroscopy (TERS).

TERS is an advanced spectroscopic 
technique capable of investigating the 
Raman scattering features at the scale 
of a few nanometers and is a system 
that combines scanning probe mi-
croscopy (SPM) for surface analysis of 
matter and confocal Raman spectros-
copy. TERS uses the mechanisms of 
LSPR and the lightning rod effect with 
a metallic nanotip for SPM measure-
ments, instead of the metal nanopar-
ticles of SERS. Through the lightning 
rod effect, the charges in the metallic 
nanotip can be accumulated at the tip 
apex and these charges introduce a 
strong electric field at the apex. More-
over, together with the lightning rod 
effect, the LSPR, which can be gener-
ated by laser irradiation with a specific 
wavelength, also induces the strong 
electric field at the tip apex. Using the 
induced electric field at the apex, the 
intensity of Raman scattering in TERS 
can also be enhanced when compared 
to conventional Raman spectroscopy. 
Also, because the enhanced Raman 
signals are obtained from the sharp 
apex of the nanotip, it is possible to 
observe the Raman characteristics of 
a localized nanometer-scale region 

of matter and measure the nanoRa-
man scattering spectrum or image 
by using a combined SPM technique. 
Furthermore, TERS can overcome the 
limitations of SPM and electron mi-
croscopy. To analyze the properties 
of nanomaterials or the nano-scaled 
area of bulk materials, SPM, such as 
atomic force microscopy (AFM), scan-
ning tunneling microscopy (STM); and 
electron microscopies such as trans-
mission electron microscopy (TEM), 
and scanning electron microscopy 
(SEM), have been advanced. These 
analytical techniques facilitate ob-
servation of the physical properties, 
including various defects and crystal 
structures, of the sample at the sub-
nanometer level. However, the optical 
and chemical properties cannot be 
measured using those surface-anal-
ysis techniques. Therefore, TERS has 
been developed to overcome those  
existing limitations.

Given that TERS has the big ad-
vantages of SPM and confocal Raman 
spectroscopy, it can be usefully uti-
lized to investigate broadly based de-
fects that affect the intrinsic proper-
ties of materials. Recent research has 
reported that TERS discovers the new 
properties of defects in two-dimen-
sional materials such as graphene 
and transition metal dichalcogenides 
(TMDs). Park and associates revealed 
the new structural disorders in large-
area graphene using multispectral 
TERS imaging, showing that the grain 
boundaries have the structures of 
twisted bilayer (1). Furthermore, Lee 
and associates reported the new de-
fect-related Raman vibrational mode 
of monolayer WS2 among TMDs, un-
veiled by TERS imaging with a high 

spatial resolution (2). Additionally, 
Huang and associates showed the 
different Raman scattering proper-
ties depending on types of edge de-
fects in mechanically exfoliated MoS2 
and also found a new edge-induced 
Raman peak generated by double 
resonance Raman scattering (3).

TERS, as a quantitative and quali-
tative analysis technique, enable us 
to acquire the phonon information of 
materials and to determine the types 
and amounts of defects through the 
Raman scattering process. As a re-
sult, TERS can play a crucial role in 
the field of defect evaluation for many 
materials and will be useful and help-
ful for analyzing a single molecule up 
to bulk materials.
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Should the Past Define the  
Future of Interpretation of 
Infrared and Raman Spectra?
Robert Hannah

When I  was inv i ted to cont r ib -
ute a short article about a current 

challenge or subject of concern, I 
paused. The problem I faced was a 
matter of how close I was to what is 
going on in the molecular spectros-
copy world currently. I retired some 
time ago, and my primary contact 
since then has been with participants 

in and lecture staff for the infrared 
(IR) and Raman spectroscopy short 
courses at Bowdoin college, where I 
have been working as an instructor.

During my early days, I was fortu-
nate to learn with the course from 
the staff at that time, Prof. Richard 
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Lord of Massachusetts Institute of 
Technology (MIT), Lionel Bellamy of 
the Ministry of Supply in the United 
Kingdom, Prof. Foil Miller of the 
University of Pit tsburgh, and Prof. 
Dana Mayo of Bowdoin College. As 
time went by, guest lecturers were 
inv i ted and somet imes became 
permanent staf f members. These 
included over the years Prof. Ellis 
Lippincott of the University of Mary-
land, Dr. Jeannette Grasselli Brown 
of Sohio Research, Norman Colthup 
of American Cyanamid, Prof. Peter 
Gri f f i ths of Idaho Universit y, Dr. 
Harry Willis of Imperial Chemical, 
Prof. James DeHaseth of the Univer-
sity of Georgia, Dr. Richard Nyquist 
of Dow Chemical, and so many more 
(I apologize to those whose names 
are not included here). In addition, I 
participated as a laboratory instruc-
tor in courses at the University of 
Minnesota (with Prof. Bryce Craw-
ford and Prof. John Overend), and 

at Fisk University (with Prof. Nelson 
Fuson). It was a good thing there 
were so many courses because I 
sure had a lot to learn, and indeed 
I did learn from every one of them.

What became obvious over the 
years was that outside the colleges 
and universities mentioned above 
(plus a few others I was not aware 
of ), there was a lack of good in-
struction at the university level in 
interpretive IR and Raman spectros-
copy—that is, in the assignment of 
bands in the spectrum to functional 
groups and, at times, to an entire 
molecular  s t ruc ture.  The needs 
of industrial chemists were being 
overlooked and in some cases the 
need for good interpretive skills in 
the university environment was also 
overlooked. This situation was true 
regardless of which subdivision of 
chemistry one considered, whether 
it was analytical, organic, biochem-
istry, inorganic, forensic, environ-

mental, chemical engineering, poly-
mer science, or another area. The 
poor understanding of how to use 
and assign absorption bands in the 
IR spectrum to their origin in func-
tional groups was astounding.

At first, I wondered why this topic 
wasn’t being included in a university 
curriculum. The excuses often given 
were that IR and Raman spectros-
copy are old disciplines, the litera-
ture is complete, there is nothing 
new to discover, and we have com-
puters that can perform identifica-
tions using library search programs. 
New techniques are so much more 
interesting, finding applications is 
easier, and getting grants to sup-
port work in these new areas is eas-
ier. So why should I waste my time 
and money teaching these older 
topics like IR interpretation? 

There are several somewhat ob-
vious answers to this question, and 
I stated one of them before, which 
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is simply that industr y has spec-
troscopy instruments and needs 
trained people to apply them to 
their problems. Fur thermore, in-
dustrial facilities may not have the 
newest technologies. In the absence 
of instruction in universities, where 
should one turn? Expecting texts to 
accomplish the training without a 
trained and critical eye being pres-
ent is too optimistic. To start with, 
texts on IR and Raman spectroscopy 
are generally suspect in terms of 
their accuracy, confused in their ap-
proach to interpretation, and make 
lit tle ef for t to couple the chemis-
try of a molecule to its spectrum. 
Computer library searches must be 
viewed critically for what they are 
able to do and not do. Expecting a 
computer search of a library having 
50,000 spectra to find a compound, 
when there are over 16,000,000 or-
ganic compounds in the literature, 
is not very realistic.  

I have considered whether my ex-
posure to interpretive analysis was 
incomplete and misleading, albeit 
recently ; maybe there was more 
out there that I was missing. But as I 
think back to my own undergraduate 
and graduate level chemistry lec-
tures, I don’t recall ever hearing IR 
and Raman interpretation discussed 
in any detail, or even mentioned—
not even in organic chemistry where 
there is so much to be learned from 
the IR spectrum about the mate-
rial being studied, and even more 
if the Raman spectrum is included. 
It was only because I chose a thesis 
advisor—Prof. Walter Edgell at Pur-
due—who was directing projects in 
molecular vibrational spectroscopy 
that I began to become acquainted 
with and interested in IR and Raman 
spectroscopy and their application.

When I joined Alcoa Research 
after completing my degree, I soon 
found out I was woefully unprepared 
to contribute to understanding the 
inorganic, organic, and polymer 
chemistries associated with their 
business. There were not many texts 

to learn from. I was on my own and 
a fast learning path was necessary. 
Fortunately, in spite of the lack of 
training, I guess I was successful; 
the laboratory grew from just one 
technician plus me, to three tech-
nicians, and from one single-beam 
instrument to t wo double-beam 
dispersive instruments. We went 
from a couple hundred analyses a 
year to several thousand per year,  
very quickly.

Have things changed? Certainly, 
they have. Instrumentation for IR 
and Raman spectroscopy has got-
ten orders of magnitude bet ter. 
The first spectrum I obtained on a 
single-beam dispersive spectrom-
eter in the late 1950s took over an 
hour, and to obtain an IR micros-
copy spec trum was an overnight 
adventure. Instruments today take 
microseconds to make similar mea-
surements and might even take only 
a few seconds to make an energy 
star ved measurement l ike IR mi-
croscopy. In Raman spectroscopy, 
the first measurements I made took 
hours using mercury arc excitation 
and a triple monochromator. Now 
using laser excitation and a Fourier-
transform instrument, obtaining the 
same spectrum takes only a minute 
or less.

But in terms of interpretation, 
th ing s have not  changed much 
over the years;  interpretat ion is 
s t i l l  a weak point .  In the l i tera-
ture, there are band assignment 
errors, a failure to understand the 
par t frequency shif ts play in mak-
ing group frequency assignments, 
a lack of good data on intensit y 
of an absorpt ion band and how 
that information might play a roll  
in assignments.

There is a lack of understand-
ing of the par t least squares and 
similar applied mathematics rou-
tines could play to isolate bet ter 
f requency and intensit y data for 
group frequencies. Also, there are 
few new investigators who are ex-
cited about finding answers to why 

func tional groups don’t have any 
intens i t y under some symmetr y 
situations when the selection rules 
say a band should be obser ved. 
Why, for example, does the group 
frequency symmetric deformation 
for CH3 near 1375 cm-1 require that 
the group be attached to an unsat-
urated carbon if it is to be seen in 
the Raman, but the weak overtone 
is seen near 2750 cm-1 in the Raman 
regardless of structure?

There are a great many unan-
swered questions of these k inds 
which would assist in the interpre-
tat ion problem. Ever y thing has 
not been done. Of course, good 
instruction would be helpful, too.  
In the absence of university instruc-
tion, the short courses at Bowdoin, 
Minnesota, Fisk, Canisius, and Ari-
zona used to provide help to the 
field. To my knowledge, only one 
of these remains:  the course at 
Bowdoin College. IR and Raman 
spectroscopy are still probably the 
most useful tools to study organic 
groups and interpretat ion sk i l l s  
are still required.

My suggestion would be for some 
newer  sc ience pr ac t i t ioner s  to 
scratch the surface of what they can 
find in the literature, and critically 
study the old bones they uncover 
to see what has been lef t unsaid 
or is wrong. Who knows, they may 
find some exciting, amusing things 
to discuss with their students that 
would prepare them to be success-
ful in the industrial environment—
like IR interpretation.
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Handheld Near-Infrared 
Spectrometers: Reality 
and Empty Promises
Hui Yan, Bangxing Han, and Heinz W. Siesler

This communication attempts to separate the wheat from 
the chaff regarding the bid of commercially available hand-
held near-infrared (NIR) spectrometers and tries to answer 
the question of whether this technique is already mature for 
applications in a non-expert user community.

Taking into account its chemical specificity and the simplicity 
of sample presentation for a broad range of materials, near-in-
frared (NIR) spectroscopy is by far the most advanced vibrational 
spectroscopy technique in terms of hardware miniaturization. 
This development is additionally fueled by market-research 
companies that predict a considerable growth rate for this seg-
ment of instrumentation within the next few years. With the fur-
ther reduction of costs by high-volume manufacturability, this 
technique will also come into reach of a new–non-expert–user 
community and widespread adoption of such spectrometers for 
in-the-field testing and on-site measurements in everyday-life ap-
plications is forecast. However, these optimistic prospects have, 
unfortunately, also led to negative commercial developments 
such as the exaggerated claims of some direct-to-consumer 
companies regarding the performance of their “NIR scanners” 
with “cloud evaluation of big data.” Apart from making unrealistic 
promises with reference to, for example, the determination of the 
type and accuracy of nutritional parameters (1,2), determination 
of the freshness of fruit or the identification of stains on textiles 
(3), most of the advertising videos oversimplify the measurement 
procedure to a “point-and-shoot” action with any deficiencies 
in sample presentation and sample representativeness being 
taken care of by the cloud evaluation. These “garbage in–gar-
bage–out” measurements inevitably lead to unfulfilled expec-
tations of the users, and as a consequence of such failures, to a 
misjudgment of the real potential of NIR spectroscopy. 

Therefore, in this article the instrumental principles and 
performance parameters of those instruments that are not 
only available on the market, but whose performance param-
eters are also easily traceable in specification sheets or have 
been verified by the scientific community in test measure-
ments, are summarized. Apart from a couple of exemplary ap-
plications, the basic requirements for qualitative and quantita-
tive applications are outlined to provide the interested reader 
some guidelines for selecting the appropriate hardware for a 
specific analytical problem . Finally, the maturity of handheld 
NIR spectroscopy for introduction to a new non-expert user 
community is briefly discussed from the authors’ perspective.

Instrumentation
The recent progress in NIR spectrometer miniaturization has 
taken advantage of new micro-technologies such as micro-

electro-mechanical systems (MEMS), micro-opto-electro-
mechanical systems (MOEMS), micro-mirror arrays, and lin-
ear variable filters (LVFs) and has led to a drastic reduction 
of spectrometer-size and weight (<100 g). Although some 
companies and research institutions are working on the imple-
mentation of miniaturized NIR systems in mobile phones (4,5), 
such devices are not yet commercially available.

In Figure 1 the state-of-the-art of miniaturized and com-
mercially available NIR spectrometers is illustrated. Only the 
most important spectroscopic parameters (spectral range, 
spectral resolution, and signal-to-noise ratio, or S/N) are in-
cluded in the figure. While the instruments in the top row 
are based on (a) an LVF with an InGaAs detector array, (b) a 
micro-mirror array with a single-element InGaAs detector, and 
(c) a Fabry-Perot interferometer with a single-element InGaAs 
detector, the spectrometers in the bottom row (d–f) are exclu-
sively based on Michelson interferometers. The values of the 
S/N for (a), (b), and (d) have been determined for the available 
wavelength ranges in our laboratory, while the S/N values of 
the other systems have been taken from the datasheets in 
the corresponding websites. Additionally, it is noteworthy that 
the last-mentioned two systems (e) and (f) only became com-
mercially available since the beginning of 2020. 
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Applications
Generally, these spectrometers can be 
applied to qualitative identification,such 
as in the context of fighting fraud (1,6,8) 
or for the quantitative determination of 
specific components in a broad range of 
materials ranging from active ingredients 
in pharmaceutical formulations to nutri-
tional parameters in food (2,7,8). Two 
examples illustrate the everyday life ap-
plicability of the discussed instruments.

Textiles are extremely important 
materials for everyday life with a broad 
range of applications and properties. 
Given the increasing quality and price 
consciousness of customers, the avail-
ability of a simple tool for a rapid test 
of a purchased textile would be a sig-
nificant progress in customer protec-
tion. Although textiles manufactured 
from pure natural materials (silk, cotton, 
wool) are generally preferred due to their 
higher wearing comfort, synthetic poly-
mers are often admixed to modify their 
tribological properties. In Figure 2a, the 
diffuse-reflection NIR spectra of differ-
ent cotton–polyester blends are shown. 
The wide wavelength range and mea-
surement speed (scan time was only 8 
s) of the adopted instrument (Figure 1d) 
make this spectrometer a powerful tool 
to quickly estimate the blend compo-
sition of the textile under inspection. 
Apart from many differences in the 
spectra of pure cotton (black spectrum) 
and pure polyester (green spectrum) 
specifically the absorption bands of the 
2xν(OH) (6200–7200 cm-1) and 2xν(CH)

ar (6100 cm-1) overtones of cotton and 
polyester, respectively, can be used to 
verify the composition. For public use 
by non-experts, however, a chemomet-
ric partial least squares (PLS) analysis 
(including spectral pretreatment pro-
cedures) had to be embedded in an 
app to facilitate rapid evaluation of the 
textile composition. 

As a result of increasing criminal ac-
tivities in the pharmaceutical market, 
another important prospective every-
day life application of handheld NIR 
spectroscopy is the authentication of 
pharmaceutical formulations. One of 
the most widespread attempts of de-

(a) (c)

(b)

(d) (e) (f)

908 – 1676 nm
SR 12.5 nm

S/N 5324 : 1

900 – 1701 nm
SR 10 nm

S/N 3550 : 1

1100 – 1350 / 1350 – 1650 /
1550 – 1950 / 1750 – 2150 /

200 - 2450 nm
SR 14/ 15/ 18/ 19/ 23 nm

1298 – 2606 nm
SR 8 nm/ 1550 nm

S/N 2820 : 1

800 – 2600 nm
SR 2.5 nm/ 1000 nm – 13 nm/ 2400 nm

S/N 9000 : 1 

1100 – 2500 nm
SR 5.7 nm/ 1533 nm

S/N 10000 : 1

FIGURE 1: The optical schemes of handheld NIR spectrometers, based on 
different monochromator principles: (a) VIAVI MicroNIR 1700, LVF; (b) DLP 
NIRscan Nano EVM, Texas Instruments DMD; (c) Spectral Engines NIR spec-
trometer, tunable Fabry-Perot interferometer; (d) Si-Ware Systems, MEMS-
based FT-NIR spectrometer; (e) SouthNest Technology, MEMS-based FT-
NIR spectrometer; (f) Hamamatsu Photonics C15511-01, MEMS-based FT-NIR 
spectrometer (SR: spectral resolution; S/N: signal/noise ratio).
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FIGURE 2: Results of spectra analysis of two applications: (a) FT-NIR spectra 
of cotton/polyester textiles recorded by the Si-Systems spectrometer; (b) two 
kinds of fengdou samples; (c) FT-NIR spectra of the two species of fengdous 
recorded by the SouthNest technology spectrometer; (d) 3D score plot of the 
two kinds of fengdous.
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ception is by internet sale of tablets to 
treat erectile dysfunction. The straight-
forward discrimination of fake tablets 
from genuine ones with the handheld 
LVF NIR spectrometer of Figure 1a was 
shown several years ago (8). Here, the 
use of one of the three most up-to-date 
instruments (Figure 1e) for the identifi-
cation of traditional Chinese medicines 
shall serve as a case study.

Dendrobium huoshanense C.Z. Tang 
et S.J. Cheng is a rare and endangered 
medicinal plant (orchid) that occurs only 
in the northern mountain regions of 
the Yangtze River. Given its excellent 
therapeutic merits, D. huoshanense 
(huoshan) has been recorded to nourish 
the stomach, enhance immunity, resist 
cancer, prolong life, relieve throat in-
flammation, and improve eyesight. The 
stems of huoshan are processed into 
fengdou, shown in Figure 2b, which is 
very expensive due to its high medicinal 
value and supply shortage. Therefore, it 
would be desirable to discriminate au-

thentic fengdou from product based on 
D. henanense (henan), which looks very 
similar, as shown in Figure 2b, but has 
much lower efficacy and correspondingly 
a much lower (1/10) price. Because the 
discrimination is not possible by visual 
inspection only, a nanoFT-NIR spectrom-
eter was used to measure the diffuse-
reflection spectra of 28 huoshan and 28 
henan fengdou samples by clamping 
them between the light fiber tip and the 
base plate, as seen in Figure 2b and av-
eraging 16 scans (0.2 s/scan). For further 
processing, the raw spectra measured 
in the wavenumber range 9990–4200 
cm-1 (Figure 2c) were truncated to the 
wavenumber range 6005–4980 cm-1 and 
pretreated by a standard normal variate 
(SNV) algorithm to correct for scattering 
effects. In the final principal component 
analysis (PCA) the first three principal 
components (PCs) contributed 55.9%, 
17.2%, and 12.3% variance, respectively, 
and the corresponding 3D score plot 
illustrated in Figure 2d proves that the 

spectra of huoshan and henan cluster in 
two classes, thereby providing a suitable 
data basis for the discrimination of the 
superior huoshan fengdou samples from 
the henan species. Comparative evalu-
ations with spectra of short-wavelength 
portions (9985–6054 cm-1) did not pro-
vide successful discrimination results. 
Here too, for the non-expert user, a 
much simpler sample presentation in 
combination with an easy-to-use evalu-
ation routine had to be developed.

Conclusions
State-of-the-art miniaturized NIR spec-
trometers provide suitable instrumental 
tools to solve qualitative as well as quan-
titative analytical problems by on-site 
and in-the-field measurements with a 
sufficient performance level. In a multi-
plicity of qualitative and quantitative in-
vestigations with the purpose to rank dif-
ferent handheld NIR spectrometers (6,7,9) 
the following performance features have 
been derived: First, for qualitative tasks 
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including authentication, discrimina-
tion, and identification, the availability 
of a broad wavelength range in general 
and the long-wavelength range specifi-
cally had priority over S/N. Second, ir-
respective of a narrower wavelength 
range, instruments with a high S/N 
ratio yielded better calibration param-
eters in the quantitative multivariate 
analysis compared to instruments with 
a larger spectral range but inferior S/N. 

However, in spite of suggestions 
by several direct-to-consumer com-
panies in advertisements and videos, 
the technique has not yet reached the 
necessary maturity for operation by 
non-experts, not to mention data inter-
pretation. On the one hand, to achieve 
these goals, clear guidelines regard-
ing sample presentation and sample-
dependent settings of measurement 
parameters (such as to compensate 
for sample heterogeneity) have to be 
provided by the vendors. On the other 
hand, the spectra pretreatment and 
evaluation algorithms have to be em-
bedded in interactive apps with simple 
yes/caution/no (“traffic light”) answers 
for qualitative identification or dis-
crimination problems or component-

specific concentration specifications 
for quantitative investigations. 

Nevertheless, we believe that in the 
near future these miniature handheld 
NIR spectrometers will not only enable 
non-expert users in new measure-
ment environments to gain important 
benefits, but that these spectrom-
eters—stand-alone or integrated into 
mobile phones—and equipped with 
elaborate operation and evaluation 
software, will be broadly adopted by 
the public.
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ICP-OES Capabilities,  
Limitations, Developments,  
and Any Potential Challengers?
John W. Olesik

Inductively coupled plasma–optical 
emission spectrometry (ICP-OES) 
has been one of the most widely 
used atomic spec troscopy tech-
niques for the last 40 years (1). This 
paper assesses its current analytical 
performance, shortcomings, devel-
opments over the last 35 years, and 
its future prospects. 

ICP-OES Capabilities
ICP-OES provides robust, rapid, 
multi-element analysis of solutions 
(including digested solid samples). 
Element “lines” (peaks at character-
istic wavelengths) result from bound 

outer shell electron transitions from 
an excited state to a lower energy 
level. Detection limits are a part per 
billion (ng/mL) or below for most el-
ements. Elements that emit brightly, 
including Be, Mg, Ca, Sr, and Ba, 
have detection limits of tens of parts 
per trillion (pg/mL) or below. A de-
solvation system following a heated 
spray chamber or ultrasonic nebu-
lizer can further improve detection 
limits by ~10x. Once samples are 
prepared and the instrument is cali-
brated, the analysis time per sample 
can be less than 1 min. 

The biggest challenger to ICP-
OES currently is ICP–mass spectrom-
etry (ICP-MS). ICP-MS has lower (up 
to 1000x) detection limits but has 
disadvantages compared to ICP-
OES for analyses where ICP-OES 

detection limits are sufficient. ICP-
MS costs more (instrument purchase, 
time and cost of maintenance), is lim-
ited to samples with 10x lower total 
dissolved solids, and can suffer from 
severe matrix effects. 

ICP-OES Limitations
The main l imitations of ICP-OES 
are continuum background emis-
sion, higher detection limits than 
ICP- MS, spec t ra l  over laps ,  and  
matrix effects. 

Continuum background emis-
sion. Continuum background emis-
sion occurs at all wavelengths be-
cause it involves unbound electron 
transitions (ion-electron recombi-
nation or Bremsstralung). The sen-
sitivity (signal/concentration) and 
background fluctuations determine 
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detection limits. Near the detection 
limit the average, sample depen-
dent, background emission intensity 
can be about 30x to 100x the net 
analyte line intensity. 

Detection limits. Elements in-
cluding As, P, Rb, Se, and S have 
detection limits of a few part per bil-
lion (ppb, ng/mL). Detection limits 
for F, Cl, and Br are typically in the 
hundreds of ppb (ng/mL) or more 
unless the spectrometer can mea-
sure lines below about 150 nm. The 
noble gas elements, O, N, and H, 
are typically not measured because 
they suffer from poor sensitivities or 
intense blank signals, or both, be-
cause of entrained air.

Spec t ra l  over laps .  Element s 
may emit a few wavelengths (such 
as K and Na) or thousands of wave-
lengths (such as rare earth elements 
and Th and U). Spectral overlaps can 
occur and, if not accounted for, ac-
curacy can be degraded. However, 

because emission peaks are nar-
row (~0.005 nm or less) the emis-
s ion spec trum consis t s of more 
than 128,000 dif ferent, resolvable 
wavelengths over the 160 to 800 nm 
range. A typical ICP-MS instrument 
(with a quadrupole mass spectrome-
ter) has a bandpass of about 0.6 amu, 
resulting in about 386 resolvable 
mass/charge values from 6 to 238. 

Mat r i x  e f fec t s .  E lement s  in 
the sample at high concentrations 
(≥500 ppm [µg/mL]) can affect sen-
sitivity. Ionization and excitation in 
the ICP are mainly a result of col-
lisions between atoms or ions and 
fast-moving electrons. Therefore, if 
components in the sample cause a 
change in the electron temperature 
or concentration in the plasma, the 
sensitivity can change.

Automat ion.  ICP- OES ins t ru-
ments with an autosampler allow 
unattended analyses. However, the 
instrument does not inform the op-

erator when a matrix effect or spec-
tral overlap has likely occurred for a 
particular sample, nor automatically 
correct for them. 

Expertise and cost. More and 
more, ICP-OES buyers want instru-
ments that require less expertise to 
operate. Expertise is required to iden-
tify and deal with the potential prob-
lems (spectral overlaps, matrix effects) 
and to develop methods (including 
selection of wavelengths, and internal 
standards if necessary). Lower cost is 
also desired. Typically ~16 L/min of Ar 
keeps the plasma torch from melting 
and sustains the plasma.

ICP-OES Developments
There have been several impor-
tant advances in ICP-OES over the  
last 35 years (Table I) and develop-
ment continues (2).

Simultaneous detec tion.  The 
most significant advance in ICP-OES 
in the last 35 years was the use of 

http://www.piketech.com
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solid-state imaging detectors, typi-
cally with echelle spectrometers (3). 
The use of these detectors provided 
rapid, simultaneous multi-element 
analysis, flexibility in choosing ana-
lyte wavelengths, and simultaneous 
detection of analyte peaks and the 
nearby background emission.

Detection limits. Detection limits 
have improved ~10x since 1985 as a 
result of a combination of factors. 
End-on (axial) viewing of emission 
collects light from a larger region 
of the plasma; sensitivity and the 
relative standard deviation of the 
background improve. Simultane-
ous detection allows the correlated 
f luctuations in the background to  
be removed.

Solid-state generators . Solid-
state generators have replaced gen-
erators with a vacuum tube power 
ampli f ier,  which degraded over 
time. Free running solid-state gen-
erators allow impedance matching 
without large, tunable capacitor-
based impedance matchers.

Reduced size and cost. The size 
and cost of ICP-OES instruments 
have decreased. Some current ICP-
OES instruments require ~8 –9 L /
min Ar rather than 15–20 L/min. Re-
cently developed torch designs may 
allow much further reduction in Ar  
gas consumption.

Analysis speed.  Sample intro-
duction systems with faster wash-
out times, in combination with si-
multaneous detection, can provide 
sample measurement times of less 
than 1 min. 

Spectral overlap correction. Mul-
tiple linear regression improved cor-
rection for spectral overlaps. Pure, 
single element spectra must be ac-
quired for each analyte and potential 
spectral overlap on the analyte peak. 
Multiple linear regression determines 
the constants (a, b, and c in the equa-
tion below) that each of the single-
element spectra and the background 
(blank) spectrum must be multiplied 
by so that their sum best fits the ex-
perimentally measured spectrum from  
the sample (a is propor tional to  
analyte concentration):

a * analyte element spectrum + b * over-

lap element spectrum + c* blank spec-

trum = Sample spectrum                      [1]

Concentration uncertainty. In 
some cases, the precision and ac-
curacy (that is, the concentration 
uncertainty) provided by ICP-OES 
may be insuf ficient. Uncer tainties 
in measured concentrations (4) are 
typically much larger (5–25%) than 
indicated by the precision (~1%). By 
using closely matched standards, in-
ternal standardization, enough rep-
licate measurements, and account-
ing for drift, it is possible to obtain 
relative concentration uncertainties 
better than 0.2% (5). 

Future Developments
Potential challengers to the ICP? 
No optical emission sources have 
been able to unseat ICPs by provid-
ing better analytical performance for 
solution samples. Most of the current 

challengers have advantages in cost, 
portability, or the ability to measure 
solid samples directly, but also suffer 
from disadvantages.

Laser induced breakdown spectros-
copy (LIBS) uses a pulsed laser to va-
porize, atomize, and excite the sample 
(6). LIBS can directly measure solid 
samples. LIBS can be portable. Detec-
tion limits in solids range from <1 ppm 
to >100 ppm (comparable to detec-
tion limits of <0.010 ppm to >1 ppm in 
a 1% wt/wt solution of a digested solid 
sample). LIBS sometimes suffers from 
matrix effects, insufficient reproducibil-
ity, and nonlinear calibration, although 
improvements are being made.

Nitrogen microwave plasma-opti-
cal emission spectroscopy (MP-OES) 
has the advantage of not requiring 
Ar gas. The nitrogen plasma gas can 
be obtained from air using a nitro-
gen generator. For most elements, 
particularly those with high excita-
tion energies (such as As, Se, Cd, 
P, Sb, Se, and Zn) MP-OES detec-
tion limits are poorer than ICP-OES  
can provide. 

Solution cathode glow discharges 
and liquid sampling glow discharges 
have the advantage of requir ing 
far less power (<100 W) than an Ar 
ICP (~1100 W), making portable in-
struments possible and cost much 
lower. Detection limits for many ele-
ments are not yet competitive with 
ICP-OES. However, detection limits 
are being improved, in some cases 
dramatically (7).

I s  t h e re  a n  a to mic  e mi s s io n 
source that could provide higher 
sensitivit y (and at the same time 
lower continuum background emis-
sion) to provide detection limits that 
are at least 10x (100x?) better than 
current ICP-OES detection limits at 
similar or lower cost? Not yet.

Intelligent Instruments? 
If we will have self-driving cars, why 
not intelligent (“self-driving”) ICP-
OES instruments that can identify 
and overcome potential errors with-
out an expert instrument operator? 

TABLE I: Some of the advances in ICP-OES over the last 35 years

• Echelle spectrometers with solid-state imaging detectors
• Improved detection limits
• Solid-state plasma generators
• Reduced size and cost
• Increased speed
• Multiple linear regression for correction of spectral overlaps
• High precision and high accuracy possible
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There are many potentially use-
ful diagnost ic s to identi f y when 
spec tral over laps and matr ix ef-
fects are likely occurring for a par-
ticular sample. Ion/atom emission 
intensi t y rat ios and Ar emission 
intensit ies indicate plasma tem-
perature.  Compar ing measured 
concentrations from three or four 
lines instead of one could be used 
to flag spectral overlaps and matrix 
ef fects. Semiquantitative analysis 
with little, if any, additional analysis 
time, could determine if an element 
(or elements) in a sample are in high 
enough concentration to cause ma-
tr ix ef fec ts or spec tral overlaps. 
Our laboratory often uses these di-
agnostics but with manual assess-
ment. Spatial emission profiles or 
gradient dilution, or both could also 

be used (8). While many potential in-
puts for intelligent ICP-OES instru-
ments have been identified, devel-
oping an intelligent instrument and 
validating its performance is still a  
huge challenge. 
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New Trends in ICP-MS:  
On the Way from Single Cell 
to Single Protein Detection 
Norbert Jakubowski

Inductively coupled plasma–mass 
spectrometry (ICP-MS) is already 
often applied to single-cell analysis 
in various applications. For this pur-
pose, a time-gated detection mode 
with short integration times is used, 
an approach that is used in the 
well-established single particle (SP) 
mode for detection of single metal-
lic nanoparticles (NPs). For detec-
tion of single cells, this measuring 
mode is given the name single cell 
(SC) mode (see more details at [1,2]). 
This relatively new method is used 
directly to detect toxic or essential 
metals and hetero-elements in bio-
molecules, metal-containing phar-
maceuticals, or NPs in single cells. 
With conventional ICP-MS instru-
ments, the number of elements that 
can be detected is limited because 
of the short integration time, of a 
few milliseconds, so that mainly just 
a single isotope can be detected. 
Therefore, for multielement analy-

sis of single cells at short integra-
tion times, time-of-flight (TOF) mass 
spectrometers are better suited for 
detec tion and the f irst examples 
have been published (3). In contrast 
to direct metal detection, however, 
the detection of metals in metal-
tagged antibodies is even more 
frequently applied. Historically, the 
state-of-the-ar t method for char-
acterizing proteins (biomarkers) or 
cell receptors of many cells indi-
vidually has been f low cy tometry 
with fluorescence detection (4). But 
if multiple parameters must be ana-
lyzed simultaneously, this optical 
method is limited in the number of 
applicable f luorescence colors by 
spectral overlap, f luorescence dye 
quenching, and autof luorescence 
of the sample itself. Therefore, a 
novel high-throughput technique 
for real-time analysis of multi-pa-
rameter assays of single cells based 
on ICP-TOF-MS (known as CyTOF) 
was developed by Scott D. Tanner 
and colleagues (and is now com-
mercially available by the company 
Fluidigm), which is known as mass 
cytometry (MC) (5). In this method, 

antibodies are bioconjugated with 
metal tags (for more details about 
the history, chemistry, and applica-
tions of mass cytometry, see [6–8]) 
and are applied to detection of cells 
suspended in a buffer solution. The 
cell suspension is introduced into 
the CyTOF-MS by a pneumatic nebu-
lizer. More recently, a laser ablation 
(LA) system was coupled to CyTOF-
MS devices and this new application 
was given the name imaging mass 
cytometry (more details are given 
in [9]) although it is nothing other 
than conventional LA-ICP-MS but 
with cellular lateral resolution.

For metal tagging of antibodies 
polymer tags have been developed 
carrying chelating compounds that 
can be loaded with enriched isotopes 
of the rare earth elements (REE) (10). 
These elements are exclusively ap-
plied in mass cytometry because of 
their similar chemistry and presently 
up to 40 single and enriched isotopes 
can be used in a single assay, so that 
a multiparametric analysis is possible. 
The sensitivity of the assay is directly 
proportional to the number of atoms 
covalently attached to the antibody, 
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resulting in a signal amplification for 
each antibody by a factor from 20 to 
100. Given the fact that each single 
target cell might have thousands of 
receptors (proteins embedded in a 
cell membrane) on the cell surface 
to which these antibodies can bind, 
an additional signal amplification 
for each cell can be expected, so 
that in total currently the amplifica-
tion factor is in the range of 105 and 
this allows detection of the most 
abundant biomarkers. 

However, the number of proteins 
in a cell ranges from 106 down to 
about a hundred for less-abundant 
proteins. For the detection of these 
less-abundant proteins in a single 
cell  assay, much higher degrees 
of tagging are required. Metallic 
nanopar tic les (with diameters of 
around 50 nm) contain many mil-
lions of atoms and have been used 
for tagging ant ibodies success-
fully and were used successfully, 
for instance, in secondary electron 
microscopy. However, the applica-
tion of this approach in immuno-
assays for ICP-MS detection is still 
advancing only slowly, although a 
gain propor tional to the number 
of atoms in the nanoparticle looks 
very promising. If such a gain were 
realized for mass spectrometry, then 
this will definitely cause another 
revolut ion in al l  bio-related sc i-
ences very similar to the quantum 
jump initiated by the polymerase 
chain reaction (PCR) with real-time 
PCR, which excels by an amplifica-
tion factor of more than a million 
for DNA detection (11). Such a gain 
would be desirable for fundamental 
quantitative proteomics as well as 
for detection of novel, less-abun-
dant biomarkers (proteins) for many 
dif ferent diseases and would en-
able easy personalized diagnosis at  
tolerable costs. 

A first example of this was pub-
lished by Cruz-Alonso and associates, 
who studied the function of metallo-
thionein (MT) during oxidative stress 
in the human eye (12). They used 

primary antibodies directed against 
MT 1/2 and MT 3 which were tagged 
by Au clusters containing more than 
500 atoms of Au. This tagging re-
sulted in a signif icant signal im-
provement, such that MTs could be 
detected even in different layers of 
tissue with high lateral resolution. 
In the work of Drescher and associ-
ates, the authors were able to de-
tect single Au and Ag NPs in single 
fibroblast cells using LA-ICP-MS for 
single cell imaging (13). Therefore, 
Tvrdonova and associates used an-
tibodies bioconjugated with gold 
nanopar ticles (AuNPs) with diam-
eters from 10 to 60 nm for detec-
tion of immunoglobulins by LA-ICP-
MS (14). Dot blot experiments were 
performed to demonstrate that the 
binding capability of the antibody 
was not compromised by such a 
large particle. 

So far, both examples show that 
tagging of antibodies by NPs is in 
general possible without compro-
mising the binding capability of the 
antibody, but single metal NPs do not 
allow multiparametric detection in 
mass cytometry. However, reproduc-
ible production of NPs directly from 
REEs is quite challenging. Therefore, 
Scharlach and associates used very 
small iron oxide nanoparticles (VSOP) 
with a diameter of only 6.6 nm (mea-
sured by transmission electron mi-
croscopy) that is synthesized by a pre-
cipitation reaction (15). They added 
europium, an element of the REE 
group, to the precipitation solution 
and ~30 europium atoms per particle 
were doped into the VSOP bulk con-
taining 4500 iron atoms. Because of 
the similar chemistry of all REEs, even 
larger NPs can be synthesized using 
modified reaction conditions and al-
ternative REE elements soluble in the 
reaction solution can be incorporated 
so that the number of distinguishable 
tags can be increased significantly, to 
enable multiplex or multiparametric 
assays in mass cytometry.

The same idea was followed by 
Gruner t and associates, who de-

ve loped a s imple so lvother mal 
synthes i s  of  Eu3+- doped gado -
linium orthovanadate nanocrystals 
(Eu:GdVO4) that already contained 
two dif ferent lanthanides, for mul-
timodal applications (16). The Eu3+ 

doping of the vanadate matrix pro-
vides red photoluminescence after 
i l lumination with ultraviolet (UV ) 
light so that NPs in cells can be lo-
calized by optical microscopy. Gd3+ 
ions in the nanocrystals reduce the 
T1 relaxation time of surrounding 
water protons at the surface of the 
crystals, allowing these nanocrys-
tals to act as a positive magnetic 
resonance imaging (MRI) contrast 
agent as well. Synthesis resulted 
in  po l yc r y s t a l l ine  nanoc r y s t a l s 
with a crystal size of 36.7 nm. The 
nontoxic nanocrystals were subse-
quently used for intracellular label-
ing of both human adipose-derived 
stem cells and adenocarcinomas 
human alveolar  basal  epi thel ia l 
(A5 49)  ce l l s  and imaged in the 
cells by LA-ICP-MS, MRI, and fluo-
rescence detec tion. Thus,  these 
cr ys tals look ver y promising for 
application in mass cytometry and  
multimodal spectroscopies. 

Pichaandi and coworkers used a 
similar idea to develop REE-doped 
NPs for the tagging antibodies in 
mass cytometry (17). They examined 
the use of silica-coated NaHoF4 NPs 
(with an ~12 nm core diameter and 
a 5 nm silica shell) as a model for 
coprecipitat ion of REE in a host 
matrix. They compared the sensi-
tivit y of NP–antibody conjugates 
to polymer–antibody conjugates 
toward seven biomarkers with vary-
ing expression levels across six dif-
ferent cell lines; a very promising 
30 to 450-fold signal enhancement 
was seen for the NP-based reagent, 
which contained only 12.0 0 0 Ho 
atoms per NP. 

A very new signal amplification 
s trategy was also demonstrated 
by Yuan and associates (18). They 
construc ted an element-tagged 
virus-like nanoparticle (VLNP) with 
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a precise number of atoms. The VLNP was applied as 
a membrane-specific cell biomarker that provided ad-
ditional amplification because many VLNPs were able 
to bind to the cell membrane, which resulted in sig-
nificantly higher sensitivity in a cell counting system 
using ICP-MS. With this approach, signal amplification 
of more than two orders of magnitude was achieved. 
In this example a VLNP was used as a metal-tagged 
probe, but in principle detection of viruses (such as 
COVID-19) itself could become possible if adequate 
and specific antibodies are available.

All the examples mentioned are proof-of-principle ex-
periments only; in the future, it must be demonstrated 
that they can be applied in complex biological systems. 
Nevertheless, the application of NPs for metal-tagging 
looks promising for detection of less-abundant proteins, 
and this author is convinced that in the very near future, 
routine single-protein detection of even less abundant 
biomarkers by ICP-MS and CyTOF-technologies will be-
come possible, revolutionizing analytical proteomics 
and medical diagnosis. 

We never thought, during the past 35 years of read-
ing this journal, that inorganic mass spectrometry (ICP-
MS) would become an important analytical method for 
medical research and diagnosis to improve, ensure and 
preserve our future health! Stay healthy!
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One Real Challenge  
That Still Remains in  
Applied Chemometrics
Jerome Workman, Jr. and 
Howard Mark 

When Karl Norris and coworkers first 
developed the technology we now 
consider “modern near- inf rared 
(NIR) spectroscopy,” the technology 
worked well, but scientifically it left 
much to be desired. Not only was 
it impossible to reproduce calibra-
tions on dif ferent instruments, but 
more often than not it was impos-
sible to reproduce them on the same 
instrument, regardless of how well 
they worked for measuring samples. 
Moreover, no relationships could be 
found between wavelengths chosen 
for the calibration and the spectra 

of the samples. Fairly early on, a 
partial explanation was developed 
(1). An instability in the calculation 
of the calibration coefficients was 
inherent in the use of multiple lin-
ear regression (MLR), which was 
exacerbated by the high intercor-
relat ion bet ween spec tral read-
ings at dif ferent wavelengths. (See 
page 34 in [1] for an illustration of 
the effect of intercorrelation on the  
calibration coefficients.)

One challenge remaining today is 
the seamless transfer of methods or 
calibrations from one instrument to an-
other. The technical issues have been 
studied and reported for some time 
(2,3). Calibration transfer requires a 
combination of instrument technology 
and chemometric techniques to apply 
a single spectral database to multiple 

instruments. A better definition of cal-
ibration transfer might be “the ability 
for a multivariate calibration to provide 
the same analytical result for the same 
sample measured on a second (child) 
instrument as it does on the parent in-
strument (4).” However, there are more 
detailed technical issues involved in 
successful calibration transfer than we 
have space to describe here. 

Calibration transfer involves mea-
suring a set of reference samples, 
developing a multivariate calibra-
tion, and then using that calibration 
for another instrument. The basic 
spectra are initially measured on at 
least one instrument combined with 
the corresponding reference chemi-
cal information. These steps are re-
quired for the initial development 
of a multivariate calibration model. 
These models are then used on the 
original instrument and may also 
be used with other (child) instru-
ments to enable accurate analysis 
with minimal intervention and reca-
libration. If instruments are identi-
cal, then any sample placed on any 
spectrophotometer will report the 
same analytical result. This claim is 
verified with data from two real in-
struments of the same model from 
the same manufacturer (5,6). This 
work showed that despite the resid-
ual or small differences between the 
instruments, the readings from the 
two instruments agreed just as well 
when the calibration was performed 
using random numbers as they did 
by using the reference values. So 
agreement was the same for ran-
dom numbers as when actual refer-
ence values were used to generate 
the calibration model. This verified 
that the two instruments used gave 
nearly the same spectral readings 
from the same samples, and that the 
samples selected, and the reference 
values used, were immaterial.

In general, given that instruments 
are not exactly alike, we use math-
ematical algorithms to produce the 
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FIGURE 1: Comparison of linear and non-linear conditions for expressing 
calibrations. Diagrammatic views of two sets of calibration data and corre-
sponding sets of validation data (all data points shown in black). One set of 
each lies embedded in a linear space. The other set lies in a curved space, as 
when weight fractions are used to specify the analyte concentrations. Both 
the linear space and non-linear spaces are shown in red. Each of the data sets 
shown in this figure is accompanied by a small blue crosshatch, representing 
a local plane fitted to the corresponding data; these lie in the local regions 
of the space the data exist in. Also shown are the relations of the local coor-
dinate system to the coordinate system of the overall figure. (a) Data plotted 
when the system is completely linear, as is the case when volume fractions are 
used to express analyte concentrations. Note that the small secondary planes 
(blue) fitted to the calibration data and validation data are parallel to each 
other, as well as to the plane of the global coordinate system. (b) Data plotted 
when the system is non-linear, as is the case when weight fractions are used to 
express analyte concentrations. Note that, due to the curved space the data 
lie in, the planes fitted to the two subsets of the data are not parallel to each 
other (have different coefficients).
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best attempt at calibration model 
transfer with minimal variation across 
instruments by making the instru-
ments more nearly “the same” than 
they are without these adjustments. 
From a theoretical perspective, if in-
strumentation is identical and con-
stant then the same physical sample 
will yield the same predicted result 
using the same multivariate calibra-
tion. In practice, the current state of 
the art for multivariate calibration 
transfer is to apply one or more soft-
ware algorithms with physical stan-
dards measured on multiple instru-
ments. This process is used to align 
the wavelength and photometric 
axes on multiple instruments and to 
adjust calibrations from one instru-
ment to another using various tech-
niques. All the techniques used to 
date involve measuring samples on 
the calibration (parent) instrument, 
and the transfer (child) instrument, 
and then applying a predefined set 
of algorithms to complete the trans-
fer procedure using a combination of 
instrument optimizations along with 
a bias and slope “correction.” 

Absorption-based spectrophotom-
eters exist in multiple design types. 
Calibration transfer from one design 
type spectrometer to another of the 
same type and manufacturer is chal-
lenging enough, but transfer of com-
plex models across instruments of 
dif ferent design types is currently 
not well understood or routinely  
attempted successfully.

Multivariate calibrations require deli-
cate adjustments across multi-dimen-
sional spectral space in order to make 
different instruments produce identi-
cal spectra regardless of differences 
in the spectral raw data. A multitude 
of parameters must be nearly identi-
cal for multivariate calibrations to yield 
precisely equivalent prediction results 
across different spectrometers of the 
same type; and for different design 
types of spectrometers, this process 
would require sophisticated spectral 
transformation beyond what is cur-
rently available.

The process of multivariate cali-
bration transfer using today’s tech-
nology involves several steps, as 
outlined below.

a) A comprehensive set of cali-
bration spectra are measured on at 
least one (parent) instrument  and 
combined with the corresponding 
reference chemical information (the 
reference values) for the initial devel-
opment of calibration models. These 
models are maintained on the origi-
nal instrument over time. 

b) The initial calibration is trans-
ferred to other instruments to enable 
analysis using these child instruments 
with minimal calibration adjustments. 

c) A set of transfer samples, represent-
ing a subset of the full calibration set, is 
measured on each child instrument.

d) The process of applying a stan-
dardization algorithm, such as direct 
standardization or piecewise direct 
standardization, is often applied (7).

e) Residual mean differences are 
corrected by regressing the child 
instrument to predic t the parent 
instrument’s analytical values on a 
transfer sample set.

This  s tatus has remained un-
changed for about 30 years. Ap-
plications of spectroscopic analysis 
burgeoned enormously, but lit tle 
progress was made in understand-
ing the und er l y ing e f fec t s  d e -
scribed above. In 2009 there was 
a breakthrough in understanding, 
which was published in 2010 (8). 
An experiment was per formed in 
which all the known or suspected 
causes for non-ideal behavior of 
the spectroscopic system were ac-
counted for. Never theless, gross 
discrepancies were found between 
the spec troscopically calculated 
values for analy te concentrations 
and the known values of the con-
centrations. The discrepancy was 
traced to the use of incorrect val-
ues for the analyte concentrations. 
To be sure, errors in the reference 
laboratory values were well-known 
and had been considered, but the 
cause was not an error in the labo-

ratory measurement, it was the use 
of the wrong measurement (8). The 
fundamental issue turned out to be 
non-linearity, but that was never de-
tected because previously, only the 
instruments were ever checked for 
that characteristic. For all the years 
of application of chemometrics it 
was assumed that any measure of  
concentration was as good as any 
other, since the multivariate cali-
brat ion process could implic i t ly 
include whatever scaling fac tors 
might be needed. It turned out that 
this assumption was false. Density 
changes of mixtures create non-lin-
ear relationships between different 
measures of the concentrations in 
the mixtures. The issue of linearity 
had been previously considered (9) 
but at that time the issue could not 
be pursued further. Those non-lin-
ear differences, which create errors, 
cannot be corrected with simple lin-
ear corrections. In particular, it was 
found that volume fractions are the 
correct units to use for the analyte 
concentrations, yet weight fractions 
are used in the overwhelming major-
ity of applications.

This finding has ramifications that 
extend throughout all calibration 
work. To be sure, the most obvious 
connection involves the creation of 
calibrations in the first place. Using 
the correct unit values for the ref-
erence values will make calibration 
models simpler to calculate and be 
more robust, when the concentra-
tions are actually linearly related to 
the spectroscopic data.

Here we are concerned with the 
issue of calibration transfer. The is-
sues involved are presented in Figure 
1. Each part of Figure 1 shows two 
clusters of data points, representing 
a calibration set and a validation set 
of data. Figure 1a has a linear plane 
(in red) in which the data points are 
embedded, as when reference val-
ues are expressed as volume frac-
tions. There are also two other small 
planes (shown in blue crosshatch), 
each small plane is fitted to its cor-
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responding set of data. In this case, 
the two fitted planes are parallel to 
the large plane of the calibration 
space and, importantly, therefore, to 
each other. Thus there is effectively 
only one plane in which all the data 
is embedded and since the two small 
planes are parallel, have the same 
coef ficients defining their slopes 
(which represent in turn, the calibra-
tion coefficients for the model).

In Figure 1b, in contrast, the data 
are embedded in a non-linear (curved) 
surface, as when reference values are 
expressed as weight fractions. In this 
case, the data points embedded in the 
surface are no longer parallel to each 
other. Each cluster is oriented in dif-
ferent directions, and neither one is 
parallel to the calibration space as a 
whole, as shown by the two small (blue 
crosshatch) planes fitted to these two 
clusters of data points. Thus in this 
situation the numerical coefficients 
defining the two planes are no longer 
the same for the two planes, leading 
to difficult calibration processes and 
difficulty in predicting the constituent 
concentrations, especially for the vali-
dation set of data.

F igure 1,  which, as d iscussed 
above, reduces the dimensionality 
of the problem to make it accessible 
to our minds, reveals the underly-
ing difficulty with calibration trans-
fer. When displaying the situation in 
three dimensions as in Figure 1 we 
have simplified the situation some-
what so that we can think about it. 
In higher dimensions, small changes 
in the size and shape of the data 
cloud are exaggerated and have 
even greater effect than Figure 1 in-
dicates. Thus even adding only a few 
new samples to a data set will inevi-
tably distort the data cloud so that 
it no longer can conform to a model 
made from a different data set, even 
if only slightly different, because of 
the dif ferences in the shapes and 
orientations of the two data clusters.

Thus there is another critical factor 
that has been overlooked when using 
absorption spectroscopy for analyti-

cal chemistry, that is, that spectros-
copy is sensitive to the amount of 
analyte per unit volume fractions of 
the various components of a mixture 
(8,10). Often, reference values may be 
based on physical or chemical prop-
erties that are only vaguely related 
to this measured volume fraction. 
The non-linearity caused by dif fer-
ences in the volume fraction implic-
itly measured by spectroscopy and 
the reported reference values must 
be compensated for. This compensa-
tion often involves additional factors 
when using partial least squares (PLS), 
or additional wavelengths when using 
MLR. Alternatively, the reference val-
ues could (and perhaps should) be 
converted from the (commonly used) 
weight basis to a volume basis. If the 
analyst is not using mass per volume 
fractions as the units for reference 
values the nuances of instrumental 
differences will be amplified. 

In the process of mathematically 
transferring calibrations from a par-
ent to a child instrument, one may 
take any of several different funda-
mental strategies for matching the 
predicted values across instruments. 
These strategies vary in complex-
ity and efficacy. Ideally one would 
adjust all spectra to look precisely 
alike across instruments, such that 
calibration equations all give statis-
tically identical results irrespective 
of the selected instrument used for 
measurements. As with other ap-
proaches as detailed in reference 
(2), the problem of direct and precise 
calibration transfer and maintenance 
leaves plenty of room for new discov-
ery and development. 
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Optical Molecular Spectroscopy 
in Combination with Artificial 
Intelligence for Process 
Analytical Technology
Thomas Bocklitz, Michael Schmitt, 
and Juergen Popp

This article highlights the use of opti-
cal molecular spectroscopy in com-
bination with artificial intelligence 
(AI) methods in the framework of 
process analytical technology (PAT). 
Specifically, we focus on the combi-
nation of Raman, infrared (IR), mid-IR, 
and near-infrared (NIR) spectroscopy 
and AI methods such as machine 
learning, deep learning, and che-
mometrics for PAT. The combination 
of these molecular spec troscopy 
methods in combination with tailor-
made AI data analysis methods has 
the potential to revolutionize PAT in 
the upcoming years.

Introduction
Innovations in quality assurance and 
process control are of essential im-
portance for the coming decades 
given the immensely growing world 
population, the development of de-
mography, and the increasing de-
mands of people on products and 
services. Quality assurance is subject 
to constantly increasing requirements 
and is essential for every individual 
as well as for companies for eco-
nomic reasons. As a result of indus-
trial processes one expects to see 
high safety, high and stable product 
quality, high yields, low consump-
tion of resources, reduced influence 
of the variability of raw materials as 
well as long product durability. In re-
cent years, new developments in the 
field of process analytics have been  
continuously observed.

The quality by design (QbD) con-
cept plays a decisive role in this de-
velopment (1). This concept is based 
on the fact that a high-quality level 
of end products cannot be achieved 
by testing the products alone, but 

by an intelligent design of the entire 
manufacturing process into which 
the products are incorporated. This 
approach requires a comprehensive 
understanding of the entire manu-
facturing process. If one is informed 
about all relevant characteristics along 
a production process, one gets a bet-
ter picture of the quality of a prod-
uct or intermediate product than by 
certifying the final product— which 
is still generally accepted today as a 
measure of quality. The technology 
that makes QbD possible is process 
analytical technology (PAT). PAT is an 
approach for the improved control of 
production processes. Although origi-
nally promoted by the U.S. Food and 
Drug Administration (FDA) for use in 
the pharmaceutical sector, the PAT ini-
tiative is also gaining in importance for 
related industries, such as the food in-
dustry. If PAT is moved further forward 
along the entire production process, 
deviations from specified guideline 
values and possible risks in production 
and manufacturing processes can be 
detected and eliminated immediately.

PAT distinguishes between off-line, 
at-line, on-line and in-line measure-
ment methods (1). In off-line measure-
ments, samples are taken from the 
process and analyzed in a laboratory 
environment that is clearly separated 
from the industrial plants. Off-line 
analysis therefore always shows sig-
nificant delay times between the de-
tection of irregularities and the coun-
teraction. In at-line measurements, 
the sample is taken from the process 
stream and analyzed with analytical 
equipment located in the immediate 
vicinity of the industrial plants. This 
process significantly reduces the re-
action time for countermeasures. In 
on-line measurements, the samples 
are not completely removed from the 
process stream, but are temporarily 
separated, such as via a bypass system 
that transports the sample directly 
through the on-line measuring de-
vice, where the sample is analyzed in 

the immediate vicinity of the industrial 
processing and then recombined with 
the process stream. When using in-line 
instruments, the sensor is immersed 
directly into the process stream and 
remains in direct contact with the un-
altered material stream. Increasingly, 
the need for in-line process analytics 
is growing and with it the availability 
of appropriate measurement tech-
nologies. From the large variety of 
analytical methods, optical molecu-
lar spectroscopy is one of the most 
promising approaches, which can best 
be integrated in-situ within an in-line  
process control.

PAT Methods
In order to be able to intervene 
quickly in the event of changes in the 
process that lead to a reduction in the 
quality of the end product, powerful 
in-situ analytical approaches are re-
quired. In this context, optical spec-
troscopic methods in particular are 
becoming increasingly important for 
in-line process monitoring. Optical 
spectroscopic methods are usually 
nondestructive and provide continu-
ous information that can be used for 
process control. Therefore, optical 
spectroscopic methods are becom-
ing more and more important in PAT. 
Depending on the measurement 
problem, a wide range of wavelength 
ranges and phenomena of light-mat-
ter interaction can be used, such as:
• ultraviolet-visible (UV-vis) spectros-

copy (electronic excitation)
• fluorescence spectroscopy (absorp-

tion and emission of electrons)
• vibrational spectroscopy (NIR or mid-IR 

absorption and Raman spectroscopy)
• terahertz spectroscopy 
• laser induced breakdown spectros-

copy (LIBS).
All these spectroscopic techniques 

differ in molecular selectivity, sensi-
tivity, readiness for use in PAT as a 
result of special sampling conditions, 
and so on. Vibrational spectroscopic 
methods are characterized by a par-
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ticularly high molecular selectivity, 
because they provide direct informa-
tion about characteristic molecular vi-
brations and thus about the molecular 
structure. A vibrational spectrum can 
therefore be seen as a kind of char-
acteristic “molecular fingerprint” of a 
molecular species, which enables the 
identification of organic, inorganic, or 
biological components. Absorption in 
the mid-IR range excites fundamen-
tal vibrations that can be directly as-
signed to the basic building blocks 
in a molecule. NIR spectroscopy, 
on the other hand, measures vibra-
tional overtones and combination 
bands and is therefore less selec-
tive (no easy direct interpretability) 
and also less sensitive as compared 
to mid-IR absorption spectroscopy. 
Despite these disadvantages, the 
main advantage of NIR spectroscopy 
compared to mid-IR spectroscopy is 
that no sample preparation (such as 
dilution) is required even at higher 
concentrations. It is important to 
emphasize that both NIR and mid-
IR spectroscopy are very sensitive 
to water absorption, which limits a 
broad applicability of these methods 
in aqueous environments, such as for 
the investigation of fermentation pro-
cesses. For the analysis of aqueous 
systems Raman spectroscopy can be 
advantageous compared to NIR and 
mid-IR spectroscopy. In recent years 
the potential of Raman spectroscopic 
methods for PAT has been increas-
ingly recognized (1–3). The advan-
tages of Raman spectroscopy are an 
unprecedented high specificity and a 
variety of applications. Raman spec-
troscopy is a noninvasive technique 
where no special sample preparation 
is required. Solid, liquid, and gaseous 
samples as well as transparent and 
nontransparent samples or samples 
with inhomogeneous surface proper-
ties can be measured. Limitations to 
the applicability of Raman spectros-
copy result from the possible occur-
rence of an interfering fluorescence 
background and the low signal yields 
in comparison with, for example, 

mid-IR or NIR absorption or fluores-
cence spectroscopy. In recent years, 
however, decisive technical progress 
has been made to overcome these 
limitations, in particular through the 
realization of highly efficient spec-
trographs and the implementation 
of novel detector technologies. These 
advances have led to a significant re-
duction in acquisition times down to 
the ms range (4,5).

Implementation
In recent years, new developments in 
the field of PAT have been continu-
ously observed using optical spec-
troscopic methods. Especially in the 
field of chemical and pharmaceutical 
analysis, optical and spectroscopic 
methods are used in on-line process 
monitoring (2,3,6). It can be stated 
that especially the interest in NIR and 
Raman spectroscopy—given their 
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potential for fast and nondestructive 
analysis of samples in different physi-
cal states (liquids, solids, pastes, and 
so on) and their capability to be used 
on-line or in-line—as potential PAT 
analysis methods has increased signifi-
cantly. Although NIR spectroscopy is 
still predominant in the pharmaceuti-
cal industry, Raman spectroscopy is 
becoming more widespread and has 
already proven its feasibility for the 
analysis of critical quality characteris-
tics throughout the drug manufactur-
ing process (2,3).

Worldwide, the demand for high-
quality and safety in the food supply 
are also constantly increasing. Thus, 
a safe and high-quality food supply 
can only be guaranteed if new possi-
bilities in analytics and holistic process 
control are generated. However, food 
analysis presents PAT with extreme 
challenges. In comparison to the 
chemical and pharmaceutical indus-
tries, in the field of the food industry, 
the sample compositions are much 
more complex. They are mixtures of 
different substance classes. Further-
more, the materials are often soft, vari-
able in size, brittle, or slippery. They 
are extremely susceptible to changes 
in pressure, temperature, and humid-
ity, making noninvasive, fast methods 
for process analysis essential. In recent 
years, technological developments 
have already been made that make it 
possible to replace laboratory-based 
methods with on-line process control. 
These are mainly based on fluores-

cence or IR or NIR spectroscopy (7–9). 
Furthermore, the potential of Raman 
spectroscopic methods has been in-
creasingly recognized. This potential 
has been successfully demonstrated 
using the example of determining the 
content of glucose, fructose, and su-
crose in commercially available soft 
drinks (10). In the field of drinking 
water monitoring, Raman-based meth-
ods for the in-line detection of small-
est amounts of chemicals and phar-
maceutical impurities were applied 
(11). Furthermore, surface-enhanced 
Raman spectroscopy (SERS) was ap-
plied for the detection of prohibited 
dyes as well as azo dyes in food (12,13). 
These representative examples show 
that optical spectroscopic methods 
and in particular Raman spectroscopy 
have enormous potential for on-line 
process analysis in food production.

To extend the analytical potential 
with respect to selectivity, sensitivity, 
and so on, it can be very advantageous 
to combine several of the above men-
tioned optical spectroscopic contrast 
mechanisms in a multimodal approach 
(14). From a practical point of view, be-
sides the need for high sensitivity and 
selectivity, the price-to-performance 
ratio and the simplicity of application 
of optical spectroscopic methods are 
of particular importance. The avail-
ability of compact, high-performance 
spectrometers including detectors as 
well as easy-to-operate compact light 
sources—and especially lasers with 
acceptable operating times—play 

a decisive role. An essential feature 
of optical process spectrometers is 
the coupling of probes or the use of 
flow cells. Using fiber-optic coupled 
probes, it is possible to spatially sepa-
rate spectrometer and application in 
the process and thus to look directly 
into individual processes. Fiber-op-
tical sensors help to record data at 
critical points. As the “sensory organs 
of process control technology,” they 
enable quality-optimized automation 
of processes. In this context, particu-
larly great progress has been made 
in recent years in the development of 
high-performance, tailor-made Raman 
probe concepts, mainly for biomedi-
cal applications (15–17), which are also 
of high relevance for in-line process 
analysis. In summary, technological 
developments have been made in 
the last few years in the areas of light 
sources, spectrometers, detectors 
and fiber probes, which will make it 
possible to replace laboratory-based 
methods with on-line process control 
in the future.

Essential challenges for a con-
tinuous quality and safety monitor-
ing of the processes as well as the 
resulting products and materials are 
seen in the still missing automation 
of process analytical techniques and 
here especially in the automated 
analysis of the recorded spectral 
measurement data. This automated 
analysis of the spectral data is ac-
complished by data analysis pipe-
lines, which combine standardiza-
tion and correction procedures with 
chemometric techniques and ma-
chine learning models (18,19). The 
overall aim of these data pipelines 
is the translation of the optical or 
spectral data into meaningful higher 
information (see Figure 1). In PAT 
this higher information might by the 
concentrations of given substances, 
the quantif ication of the sample 
composition or the predic tion of 
a  sample proper t y  l ike “good”  
or “bad.” 

To perform this translation of the 
experimentally recorded spectral 

Wavenumber / cm-1

N
or

m
al

iz
ed

 R
am

an
 In

te
ns

ity

500 1000 1500

0.
00

0.
05

0.
10

FIGURE 1: Visualization of Raman spectroscopy as PAT technology: The ex-
perimentally recorded Raman spectra from a sample is translated into mean-
ingful higher information using computerized machine learning and chemo-
metrics approaches.
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data, standardization and correction 
procedures are util ized f irst. For 
Raman spectroscopy a de-spiking 
(20), a wavenumber, and spectrom-
eter calibration (21), a background 
correction (22) and a normalization 
are per formed. These sequential 
steps correct for corrupting effects 
and standardize the Raman data, 
while similar preprocessing steps 
are done for other optical technol-
ogies like IR or NIR spectroscopy. 
After the data is standardized, ma-
chine learning models such as deep 
learning (23) or chemometric mod-
els (19) are utilized for the transla-
tion of the preprocessed data into 
meaningful information. As men-
tioned above, this higher informa-
tion might be concentration esti-
mates of substances or compounds 
of  the sample or  pred ic t ion of 
sample attributes like “good” and 
“bad.” Depending on the choice 
of higher lever information, either 
regression or classification models 
are utilized. Most of ten for spec-
tral measurements, chemometric 
techniques are utilized whereas for 
image-based measurements, deep 
learning methods, like convolutional 
neuronal networks, are chosen for 
the analysis. All of these models 
are optimized based on training 
data and afterward the models are 
evaluated for their generalization 
per formance (24). Thereaf ter, the 
models can be used for the predic-
tion of unknown test data (with the 
estimated generalization error) and 
the predic tion can be utilized for 
process analytics in chemical, phar-
maceutical, and food industry.

Conclusions
This contribution provides a short 
overview on the use of optical mo-
lecular spectroscopy such as Raman, 
IR, mid-IR, NIR spectroscopy as pro-
cess analytical technology (PAT). An 
essential step to successfully apply 
these measurement methods as 
PAT is their combination with ar ti-
ficial intelligence methods like ma-

chine learning, deep learning, and 
chemometrics in order to translate 
the spectroscopic information into 
meaningful higher information such 
as quant i f icat ion of the sample 
composition or the prediction of a 
sample property. This combination 
is done by tailor-made data pipe-
lines and is briefly explained for the 
example of Raman spectroscopy. 
Overall, this contribution highlights 
the great potential of optical mo-
lecular spectroscopy in combination 
with artificial intelligence for PAT.
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Far-Ultraviolet Spectroscopy
Yukihiro Ozaki

In this review, I define the far-ultravi-
olet (FUV) region as that for 120–200 

nm (1). In the FUV region, a number  
of electronic transitions, due to π 
electrons, lone pair electrons, and 
σ electrons, are observed, however, 
absorption spectroscopy in the FUV 

region of the condensed phase was 
an unexplored area of molecular 
spectroscopy (1–6). FUV spectros-
copy has a long history as spectros-
copy of a gas state (1,2,4). However, 
the progress in FUV spectroscopy 
for analysis of the condensed phase 
has been rather slow (1–6). The most 
important reason for this slow prog-
ress is the very high absorptivity of 
a molecule in the FUV region. We 
introduced an attenuated total re-
f lec tance (ATR) technique to the 
FUV region 12 years ago (1–6). The 
ATR-FUV method has made it pos-
sible to investigate electronic states 
of almost all types of molecules in 
the condensed phase. Recently, 
ATR-FUV spec troscopy has been 
applied extensively to a wide area 
of research fields including physi-
cal chemistry, analytical chemistry, 
solution chemistr y, elec trochem-
istry, materials sciences, nanosci-
ence and technology, and industrial  
applications (1–6).

Characteristics and Advantages of 
FUV Spectroscopy
Even materials that do not show a sig-
nificant absorption in the region longer 
than 200 nm yield intense absorptions 
in the FUV region. Water and n-alkanes 
are good examples. Thus, FUV spec-
troscopy is a unique electronic spectro-
scopic technique. It has opened a new 
avenue for σ chemistry. The characteris-
tics of FUV spectroscopy for liquid and 
solid studies may be summarized as  
follows (1–6):
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FIGURE 1: (a) ATR-FUV spectra of n-alkanes. (b) A theoretical spectrum  
for n-pentane derived from TD-DFT/aug-cc-pVTZ.  Reproduced from (7) with  
permission.
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• Electronic transitions and structure of a molecule, 
which one cannot investigate by ordinary UV spectros-
copy, can be explored. In the FUV region, not only π–π* 
and n–π* but also n– σ* and σ–Rydberg transitions may 
be observed (1,4).

• One can explore Rydberg transitions of solids and liq-
uids (1,4). For example, FUV spectroscopy reveals the ex-
istence of confined Rydberg excited states in the liquid 
phase and strong valence-Rydberg coupling.

• Water absorbs light strongly in the region shorter than 170 
nm. Therefore, FUV spectroscopy is very suitable for study-
ing water, aqueous solutions, and adsorbed water (1,10).

• One can investigate intermolecular interaction, hy-
drogen bonding, and hydrations of solids and liq-
uids. It is of note that Morisawa and colleagues ex-
plored CH···HC interactions of alkanes by the use of  
FUV spectroscopy (11).

• Thanks to the ATR technique, ATR–FUV spectroscopy has its 
own advantages, enabling us to probe the surface structure 
and properties of materials (1,8–10). 
FUV spectroscopy has widespread applications (1–6). 

For example, FUV spectroscopy has provided new oppor-
tunities for materials research (1,4–6). It has been applied 
to studies of polymers, semiconductor materials (8,9), ionic 
liquids (13), and nanomaterials. We developed a nanosecond 
pump-probe transient FUV spectrometer to probe radical 
species in chain reactions such as an O3 pulse-photolytic 
reaction in an aqueous solution (1). On-line analysis such as 
monitoring of semiconductor cleaning solutions and disin-
fectant solutions is also possible by employing FUV spectros-
copy (1,8,9). Tanabe and associates have proposed FUV-deep 
ultraviolet (DUV) surface plasmon resonance (SPR) sensors 
using Al thin films (1,5,6). 

Applications of ATR-FUV Spectroscopy
In this section I introduce several examples of applications 
of ATR-FUV spectroscopy (1,3,4).

Electronic States of Alkanes In Liquid  
and Solid Phases Studied by ATR-FUV Spectroscopy 
Morisawa and associates investigated electronic states 
and structure of liquid alkanes, alcohols, ketone, and am-
ides using ATR-FUV spectroscopy and quantum chemical 
calculations (1,4,7). They obtained a number of interest-
ing results, not only on electronic states and transitions 
where Rydberg orbitals are involved, but also on the ef-
fects of molecular interactions on valence electrons (σ 
electrons) of single bonds of a molecule. Figure 1a shows 
ATR-FUV spectra of n-alkanes in the liquid phase (7). The 
FUV spectra of n-alkanes show a broad feature near 150 
nm. It shows a lower energy shift with a significant inten-
sity increase as the alkyl chain length increases. Figure 
1b depicts simulation spectra for n-hexane derived from 
quantum chemical calculations (using time-dependent 

density functional theory [TD-DFT/aug-cc-pVTZ]) (7). The 
calculated spectra are in good agreement with the experi-
mental spectra in terms of the shift and intensity increase 
with the number of carbon atoms. It can be seen from 
Figure 1b that the most intense peak is due to the transi-
tion from HOMO-2 to Rydberg 3py (T1) molecular orbitals 
(7). It was found from the quantum chemical calculations 
that the redshift of the 150 nm band arises from the de-
stabilization of HOMO-2 and HOMO-3 orbitals and the 
stabilization of Rydberg 3py level. Alkanes consist only of 
single bonds and do not have non-covalent electron pair, 
and thus, the transition giving the 150 nm band reflects 
the state of σ electrons of alkanes (1,4,7).

FUV spectroscopy allowed Morisawa and associates (11) 
to explore interactions between alkanes in a crystal, which 
are very important to the understanding of interactions 
that involve hydrogen atoms with the same polarity, such 
as CH···HC. They measured temperature dependence of 
ATR–FUV spectra of n-tetradecane during (A) cooling and 
(B) heating between 15 to −38 °C (11). The band at 153 nm 
in the liquid phase becomes weaker, and instead, new 
bands appear at around 200 and 230 nm with decreasing 
temperature. Of note is that the conversion from the 153 
nm band to the 200 and 230 nm bands occurs at the melt-
ing temperature, and the spectral changes are reversible 

http://www.teamwavelength.com
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during cooling and heating processes 
(11). Therefore, it is very likely that 
the changes in the electronic states 
are induced by changes during the  
phase transition. 

To explain the observed temper-
ature-dependent variations Mori-
sawa and associates (11) carried out 
TD–DFT calculations using a model 
dimer structure of n -pentane and 
periodic DFT calculations of poly-
ethylene crystal struc ture. It was 
found from the calculation that the 
band intensity at 141 nm becomes 
weak as the intermolecular distance 
is decreased from 6 to 3 Å. The 
spectrum of the dimer with r = 3 Å 
shows three bands at lower energy 
below 141 nm. These changes in the 
simulated spectra are in good agree-

ment with that observed ones in the  
experimental spectra.

The ATR-FUV spectra of the low-
temperature solid n-alkane indicate 
that the energy of its HOMO and the 
energy gap between its HOMO and 
LUMO in the solid phase are reduced 
to approximately 60% of those in the 
liquid phase (11).

FUV and DUV Studies of Electronic 
Structures and Photocatalytic  
Activities of TiO2 and TiO2  
Modified Metal Nanoparticles
Tanabe and associates (8,9) applied 
the ATR-FUV-DUV spectroscopy to 
investigate elec tronic states and 
photocataly t ic ac t iv i t ies of T iO2 
and metal (Pt, Pd, and Au)-modified 
TiO2 powders. ATR-FUV-DUV spec-

tra of TiO2 (blue) and Au- (red), Pd- 
(green), Pt- (purple) modified TiO2 
are shown in Figure 2a (8). The spec-
tra show a distinct peak in the FUV 
region (about 160 nm) assigned to 
the t2g(π) → eg(σ*) transition. It was 
found that upon the deposition of 
metal nanoparticles, the absorption 
intensity at the longer wavelength 
region decreases, while that at the 
shorter wavelength region increases 
(Figure 2a–b). Tanabe and associates  
(8) calculated the degree of spectral 
changes as the integrated intensity 
ratio of absorption in the 150–180 
nm region to that in the 270–300 nm 
region. Figure 2c plots the integrated 
intensity ratio versus the difference 
in the work function between TiO2 
and each metal (8). It is noted that 
there is a strong positive correlation 
between the calculated ratio and the 
work function of the modified metal. 

ATR-FUV-DUV spectroscopy was 
also applied to study the photocata-
lytic activities of TiO2 and TiO2 modi-
fied with Au, Pt, and Ad nanoparticles 
(9). Their photocatalytic activities, 
estimated by photo-induced deg-
radation reaction of methylene blue 
aqueous solution, showed strong 
dependence on the metals. Tanabe 
and associates plotted the photo-
catalytic activity versus work func-
tion dif ference between TiO2 and 
each metal (9). It is very likely that the 
larger work-function dif ference re-
sults in an increased electron inflow 
from TiO2 to the metal, and thus, in a 
stronger enhancement of the charge 
separation, thereby increasing the 
TiO2 photocatalytic activity. The re-
sult obtained by ATR-FUV-DUV tech-
nique was in agreement with previous 
studies on a correlation between the 
work function of the metals and the  
photocatalytic activity. 

Structure of Water Adsorbed on an 
Aluminum Surface Studied by the 
Variable Angle-ATR-FUV Technique
Goto and associates (10) explored 
the structure of liquid water on an 
aluminum surface by variable angle 
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( VA) ATR-FUV spec troscopy. The 
VA-ATR technique enables one to 
tune the penetration depth of the 
evanescent wave of the probe light 
by varying the incident angle. 

FUV absorption spectra of H2O 
on the aluminum with incident an-
gles from 58.4 to 71.8° (10). As θ in-
creased from 58.4 to 71.8°, the band 
maxima due to H2O showed a lower 
energy shift were blue-shifted from 
8.41 to 8.48 eV, the α values incre-
ased from 2.01 x 105 cm-1 to 2.39 x 
105 cm-1 (10). The observed blue-
shif t, increasing absorptivity, and 
broadening bandwidth with larger θ 
(shortening dp) reflect the electronic 
nature of the interfacial water. It is 
possible to examine the spectral dif-
ference between bulk and interfacial 
phases of liquid samples by analy-
zing the spectral variations with the  
incident angle.

From the VA-ATR-FUV spectra of 
liquid H2O on an alumina prism, the  
Ã←ÃX bands of the bulk and interfa-
cial water on the alumina surface are 
able to be individually determined. 
The optimum spectra of the bulk and 
inter facial phases were calculated 
with the alternating least squares 
(ALS) method (10). The bands of the 
bulk and interfacial water are clearly 
different. The interfacial water band 
is much closer to the band of ice 
rather than that of the bulk water. 
Moreover, the red-tai l ing of the  
Ã←ÃX  band was peculiar ly obser-
ved only for the inter facial water 

(10). This tailing was ascribed to the 
broken hydrogen-bond acceptor  
of water.

Future Prospects
FUV spectroscopy hold consider-
able potential as new elec tronic 
spectroscopy. From a spectroscopic 
perspective, measurements in the 
whole FUV– DUV– UV–VIS region 
(140–800 nm) will be more popular 
because one can extract dif ferent 
information about electronic struc-
ture and transit ions at the same 
time. Imaging techniques may be 
introduced to the FUV region soon, 
and the combination of imaging and 
variable-angle-incidence techniques 
may be very interesting from the 
perspective of materials and reac-
tions research. 

FUV spectroscopy holds a bright 
future for its practical applications. 
Among them, on-line and in-line 
analyses have attracted strong in-
terest. Recent studies by Morisawa 
and associates (12) on changes on 
the electronic transitions of polyeth-
ylene glycol upon the formation of 
a coordinate band with Li+ and by 
Tanabe and associates (13) on elec-
trochemical ATR-FUV spectroscopy 
demonstrate the future trend of FUV 
spectroscopy. 
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Nanoparticle-Assisted 
Analytical Strategies:  
Pushing the Limits of ICP-MS 
for Ultrasensitive Detection  
of Clinical Biomarkers
Jose M. Costa-Fernandez 

Clearly, the awesome success of 
medical sc ience in the develop-
ment of personalized medicine has 
occurred because of many achieve-
ment such as the discovery, charac-

terization, identification and quan-
tif ication of novel biomarkers for 
improved patient care. Advances 
in mass spectrometry (MS) technol-
ogy along with the high-resolution 
l iquid-phase biomolecule sepa-
rations, combined with the novel 
bioinformatics tools for large-scale 
data analysis, have been essential 
in this progress. At present, one of 
the major goals in developing clini-
cally ef fective novel bioanaly tical 

methods for the quantification of 
disease biomarkers is achieving high 
sensitivity, something of major im-
portance for early alarm diagnosis 
and patient survival.

In this context, the bioanalytical 
community has made tremendous 
advances to satisfy the demand for 
reliable, cost-effective, robust, and 
powerful detection and monitoring 
strategies for disease biomarkers 
based on MS-technology. Recent 
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advances in liquid chromatography 
coupled on-line to tandem mass 
spectrometry detection techniques 
for clinical biomarker discovery and 
detection have offered much hope 
for superior patient care, par ticu-
larly for cancer diagnosis and treat-
ment (1). However, the complexity, 
variation, and dynamic range of the 
biomolecules present in biological 
samples, along with the extremely 
low concentration levels that often 
need to be quantified, are among 
the major obstacles to using these 
methods to accurately quantify the 
biomarker levels. Additionally, mo-
lecular MS techniques, which are 
the most widely used in proteomic 
studies, use soft ionization sources 
to preserve molecular information, 
but these ion sources are not inher-
ently quantitative. In molecular MS, 
the ion signal intensity is strongly 
affected not only by the molecular 
structure of the target biomolecule 
but also by the sample matrix and 
solvents used.

As an alternative, more than a 
decade ago, inductively coupled 
plasma–mass spec trometry ( ICP-
MS) was established as a quanti-
tative tool in proteomics (and in 
biomarkers quantif ication), com-
plementary to sof t-ionization MS 
techniques. ICP-MS of fers detec-
tion limits in the attomolar range, 
regardless of the molecular en-
vironment of the target element, 
with a broad linear dynamic range 
of several orders of magnitude, and 
simultaneous multi-isotopic analy-
sis is routinely possible. Sensitiv-
ity, which is of great importance in 
bioanalysis, is af fec ted very lit tle 
in ICP-MS by the sample matrix or 
the chromatographic mobile phase. 
These advantages explain the key 
role that ICP-MS currently plays in 
biomarker quantification, via detec-
tion of an elemental label linked to 
the biomolecule of interest. For that 
purpose, a commonly used strategy 
is biomarker recognition with appro-
priate antibodies tagged with an 

ICP-MS–detectable element. Ad-
ditionally, combining dif ferentially 
elemental-labeled antibodies with 
ICP-MS detection could allow the 
design of multiplexed biomarker 
analytical methods. These special 
features of modern ICP-MS makes 
it possible to envisage the develop-
ment of myriad possible biomedi-
cal applications of the technique 
and guarantees a bright future for 
this tool in biomarker quantif ica-
tion. In fact, a large variety of ICP-
MS-based strategies for biomarker 
quantif ication have been already 
developed over the past two de-
cades (2). Moreover, novel ICP-MS/
MS instruments could play a critical 
role in the future of the use of ICP-
MS for proteomics and biomarker 
quantification. The high selectivity 
offered by the MS/MS configuration 
reduced significantly chemical noise 
and background, allowing vir tually 
interference-free and highly sensi-
tive detection of some non-metal 
atoms naturally present in biomol-
ecules, such as P and S, which can 
be used as endogenous elemental 
tags for the quantification of bio-
molecules by ICP-MS.

Biomarkers are typically present 
at ultralow concentration levels dur-
ing the early stages of disease pro-
gression. Therefore, development 
of highly sensitive quantif ication 
tools is a must for clinical decision-
making, allowing not only prompt 
clinical diagnosis but also making it 
possible to efficiency evaluate new 
therapies and to assess the progno-
sis of disease. The achievement of 
ultrahigh sensitivity requires the de-
velopment of innovative approaches 
consisting of the use of dif ferent 
ampli f icat ion plat forms and am-
plification processes. In this vein, 
nanotechnology, in combination 
with elemental mass spectrometry, 
is today a powerful strategy offering 
unique opportunities for creating  
ultrasensitive bioassays. 

A simple approach to introduce 
a high number of ICP-MS–detect-

able elements per biomarker, thus 
obtaining an amplif ied analy tical 
signal, consists of using metal-con-
taining nanoparticles (NPs) as bio-
marker antibody labels. Of course, 
such nanoparticle-tagged antibody 
approaches are more laborious and 
t ime-consuming than direc t het-
eroatom-tag proteomics strategies 
and, what is worse, they may change 
protein proper ties (for example, 
possible modification of selected 
antibody recognition capabilities). 
However, inorganic nanopar ticles 
contain a high number of ICP-MS–
detec table atoms ranging f rom 
hundred to tens of thousands of 
atoms in each nanoparticle. Thus, 
strong signal amplif ication could 
be achieved by detecting the metal 
atoms labeled on one target obtain-
ing very low LODs (3,4). Moreover, it 
is possible to use different inorganic 
nanoparticles, containing dif ferent 
elements, for labeling different anti-
bodies, enabling multiplexed analy-
sis of many biomarkers in a clinical 
sample with very high sensit ivit y 
and selectivity. 

Unfortunately, sometimes detec-
tion limits achieved through inor-
ganic nanoparticle-tagged immuno-
assays followed by ICP-MS detection 
are still not good enough to address 
the detection of disease biomarkers 
at the extremely low levels present 
in clinical samples during the early 
stages of disease, requiring the de-
velopment of new signal amplifica-
tion techniques for ultrasensitive 
detection. For such cases where ul-
trahigh sensitivity is required, novel 
innovative approaches have been 
recently reported, based on differ-
ent amplif ication processes. One 
possibility to improve the sensitiv-
ity of ICP-MS detection could be the 
use of larger inorganic particles (mi-
croparticles). However, such an ap-
proach is not feasible because when 
larger particles are used the number 
of antibodies per inorganic particle 
increases, and as a result the signal-
per-molecule is lower. 
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A drastic amplification of the ICP-
MS signal is possible by resorting 
to a controlled immuno nanopar-
ticle-gold amplif ication (5). Here 
ICP-MS signal ampli f icat ion was 
achieved for prostate specific an-
tigen (PSA) quantif ication by the 
precipitation of gold ions on the 
surface of Mn-doped ZnS quantum 
dots used as tags of a PSA anti-
body. The nanoparticle tags act as 
cataly tic seeds to favor reduction 
of gold ions to metallic gold that 
is deposited on the sur face of the 
nanoparticles (NP size amplification) 
af ter the immunoassay and before 
the tag detec t ion. Much bigger 
nanoparticles are thus obtained and 
hence much better sensitivity with 
ICP-MS detection can be achieved 
(detection limits below fg/mL lev-
els of the PSA biomarker were re-
ported). In contrast with direct use 
of big particles (microparticles), this 

approach does not af fect the rec-
ognition capabilities of antibodies, 
because size amplification is carried 
out once inmunorecognit ion has 
taken place. In addition, the method 
showed a very wide dynamic range 
exceeding eight orders of magni-
tude, which means that the method 
could be applied to the determina-
tion of biomarkers at many different 
concentration levels.

Another approach for improvement 
of ICP-MS sensitivity is nanoparticle 
analysis by single particle ICP-MS 
(spICP-MS). In spICP-MS, time-re-
solved transient signals induced by 
the flash of ions arising from the ion-
ization of the inorganic nanoparticle 
when entering the plasma can reflect 
the concentrations of the NPs. Thus, 
sp-ICP-MS allows quantification of 
nanoparticle-tagged immunocom-
plexes by measuring the frequency 
of ion transient signals. Based on this 

principle, single nanoparticle analysis 
offers great potential for the devel-
opment of extremely sensitive bioas-
says without the need for any signal 
amplification (6). 

From this very brief overview, it can 
be concluded that the synergic com-
bination of the power of ICP-MS de-
tection with the selectivity of nanopar-
ticle-tagged antibodies currently 
provides an outstanding tool to face 
the challenge of robust quantification 
of disease biomarkers with extremely 
high sensitivity. Looking ahead, it is 
clear that the design and implemen-
tation of novel amplification strate-
gies, using inorganic nanoparticles, 
in combination with ICP-MS detec-
tion, will result in bioanalytical meth-
ods capable of addressing the prob-
lem of the detection of biomarkers at 
extremely low concentration levels, 
constituting an indispensable tool in  
clinical chemistry.
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Finally, I would like to congratulate the 
Spectroscopy team in this celebration of 
the 35th year of publishing! Through the 
hard work and dedication of its editorial 
board, journal staff, and all contributors 
and sponsors the journal has become 
a leading publisher of contributions 
dealing with spectroscopic techniques 
and their applications in life sciences, 
environmental analysis, technology, in-
dustry, and academia. I am pleased and 
honored to participate in this special 
issue and I am confident that the next 
35 years will witness the further growth 
of Spectroscopy and of its importance in 
the spectroscopy community.
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A Spectroscopic Revolution  
in the Agricultural World
Dmitry Kurouski

There are more than 80 0 mill ion 
people in the world, around 10% of 
the world population, suffering from 
chronic undernourishment (1). This 
number will likely continue to grow 
and by 2050 we will need to pro-
duce 70 –100% more food to meet 
nutritional demands of the world’s 
growing population (2). This need 
can be met by continuous expan-
sion of agricultural lands. However, 
this approach is inefficient, destruc-
tive to nature, and can offer only a 
short-term solution for global food 
security. An alternative strategy is 
to develop precision agriculture (3). 

Precision agriculture is a farm-
ing management concept that is 
based on timely diagnostic of bi-
otic and abiotic stresses on plants. 
Biotic stresses include various plant 
diseases. Abiotic fac tors include 
problems such as drought, salinity, 
heat, and nutrient deficiency. These 
stresses can reduce crop yield up 
to 100%. If problems are diagnosed 
early, however, appropriate plant 
treatment can be made to improve 
plant health. For instance, pesti-
cides or fungicides can be spread 
over a cer tain area of the field to 

cease proliferation of pathogens. 
Alternatively, a cer tain micro- or 
macro-element can be sprayed over 
the field to fulfill a need for it in the 
growing plants. 

Although several approaches can 
be used to detec t such stresses, 
none of them meets farmers’ expec-
tations. Imaging with satellite and 
unmanned aerial vehicles (UAVs) de-
tect “problem areas” in the field by a 
change in plants’ color (4). However, 
this approach is not specific because 
plants can turn yellow because of 
drought, nutrient deficiency, or viral 
or fungal disease. Polymerase chain 
reaction (PCR) and enzyme-linked 
immunosorbent assay (ELISA) pro-
vide desired specificity and selec-
tivity. However, PCR or quantitative 
PCR (qPCR) testing becomes unreal-
istically expensive (one PCR or qPCR 
test is ~$15) once scaled to larger ag-
ricultural territories.

Raman spectroscopy is a label-
free technique, which essentially 
makes the cost of analysis equal to 
zero. Also, it is noninvasive, non-
destructive and portable, allowing 
for spectral acquisition directly in a 
field (3). The question to ask is, How 
useful can Raman spectroscopy be 
in agriculture?

Severa l  year s ago, our group 
showed that Raman spectroscopy 

is capable of confirmatory diagnos-
tics of fungal disease in corn, wheat, 
and sorghum (5,6). We found that 
this approach has 100% accuracy 
and species sensit iv it y in patho-
gen diagnostics (7). Recently, we 
developed the use of Raman spec-
troscopy for detection and identi-
fication of Huanglongbing (HLB), a 
devastating disease that destroys 
citrus trees in Texas and Flor ida 
(8,9). The disease is caused by bac-
teria that are vectored by psyllids. 
Infected trees exhibit chlorotic ap-
pearance of leaves, preliminary fruit 
drop, and ultimately a death of the 
entire plant. In collaboration with 
Prof. Kranthi Mandadi of Texas A&M 
University, we showed that Raman 
spectroscopy can be used to de-
tect presymptomatic HLB and dis-
tinguish it from nutrient deficiency 
(ND) (8,9). Using a handheld Raman 
spectrometer, we collected spectra 
from four groups of plants: 1) symp-
tomatic qPCR posit ive plants; 2) 
asymptomatic plant qPCR positive 
for HLB; 3) trees that exhibited nutri-
ent deficiency symptoms, which had 
similar visual appearance to symp-
tomatic HLB plants; and 4) healthy 
control plants. We have found that 
Ra ma n s p e c t r a  c o l le c te d f rom 
symptomat ic and asymptomat ic 
plants exhibited an increased in in-
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tensity of phenylpropanoids (~1610 
cm-1) relative to the intensity of this 
band in the spectra collected from 
healthy trees (negative to HLB by 
qPCR) (9). It should be mentioned 
that in addition to an increase in 
the intensity of phenylpropanoids, 
spectra of symptomatic and asymp-
tomatic plants had a decrease in in-
tensities of 1155, 1184, 1218, 1288, 
and 1326 cm-1 bands, which were 
assigned to cellulose and xylan. It 
has been also found that spectra 
collected from ND trees had even 
more intense vibration of phenyl-
propanoids together with the ap-
pearance of a band at 1247 cm-1, 
which was assigned to phenolic vi-
bration. This evidence allowed for 
a clear dif ferentiation of HLB from 
ND trees and healthy trees. Sanchez 
and coworkers also used chemomet-
rics to enable quantitative diagnos-
tics of HLB and ND on citrus trees. 
In the first set of models, healthy 
plants were differentiated from ND 
and HLB plants. The accuracy of 
predic ted was 98% for grapefruit 
trees and 87% for orange trees. In 
the subsequent set of models, che-
mometrics was used to distinguish 
symptomatic versus asymptomatic 
plants. The accuracy of prediction 
appeared to be 100% for grapefruit 
and 94.4% for orange trees (9). This 
work showed that Raman spectros-
copy can be used for accurate di-
agnostics of HLB and ND on citrus 
trees, which helps to enable timely 
management of that devastating 
disease in field.

Mic roscopic  ana ly s i s  of  HLB -
infec ted t rees conf i rmed spec-
t roscopic ev idence provided by 
Sanchez and coworkers (10). It has 
been found that HLB infection re-
sults in deformation of cambium 
cells, collapse of phloem, callose 
plug formation, and thickening of 
cell walls of parenchyma cells (10). 
Cell wall thickening can happen in 
the attempt to block propagation 
of bacteria inside the plant. Alter-
natively, one can imagine that plants 

secrete low molecular weight phen-
ylpropanoids aiming to deactivate 
bacteria. However, these phenylpro-
panoids later polymerase into high 
molecular weight phenylpropanoid 
polymers. Thus, such phenylpro-
panoid polymerization can cause 
observed histological changes. This 
microscopic evidence demonstrates 
that in addition to being used for 
diagnostics, Raman spectroscopy 
can be used to probe the molecular 
mechanism of plant responses to 
biotic and abiotic stresses.

The use of Raman spectroscopy in 
agriculture stretches far beyond the 
citrus industry. Our recent discov-
ery indicate that Raman spectros-
copy can be used to dif ferentiate 
between hemp and cannabis with 
100% accuracy (11). Moreover, differ-
ent strains of cannabis can be iden-
tif ied using Raman spectroscopy. 
This extreme sensitivity of Raman 
spectroscopy becomes even more 
useful once it is applied to identi-
fication of grain plant species and 
their varieties. Our group showed 
that Raman spec troscopy can be 
used for both non-invasive pheno-
typing of corn and peanut varieties 
and highly accurate identification of 
nutrient content of corn and peanut 
seeds (12,13). Specifically, in only 1s 
of analysis of intact corn and pea-
nut seed, full information about its 
carotenoid, protein, fiber, and car-
bohydrate content can be revealed. 
This allows for the use of Raman 
spectroscopy directly on combines 
and grain elevators, probing eco-
nomic value of grain. 

These exciting studies highlighted 
the large potential of Raman for ag-
riculture that has been overlooked 
for years. Our group is convinced 
that the need for such fast, nonin-
vasive and confirmatory analytical 
approach will only grow in the future.
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Raman Spectroscopy is Solving the  
Perpetual Problem of CSI: The Time of a Crime
Alexis Weber and Igor K. Lednev

Crime scenes are the starting point of many investiga-
tions. This is where evidence is collected to provide 
investigative leads. Blood traces are commonly found 
at crime scenes and can provide substantial informa-
tion about the event and individuals involved. Blood-
stains are a primary source of DNA evidence and can 
be used to conclusively identify the donor of the blood. 
The pattern of a blood spatter can indicate the type 
of the violent action. Moreover, determining the time 
since deposition (TSD) of bloodstains is of significant 
value for two reasons. First, TSD could help to estimate 
the time of the crime. Second, if crime scenes contain 
multiple sets of bloodstains, the TSD should allow for 
the selection of bloodstains relevant to the crime, and 
therefore reduce the number of samples that should 
be collected, documented, and processed. The latter 
is of special importance because every crime labora-
tory in the United States has a significant backlog of  
DNA evidence.

Raman spectroscopy has proven to be a rapid, non-
destructive, and specific technique that is capable of 
identifying and analyzing bloodstains down to a single 
red blood cell (1). We have combined Raman spectros-
copy with chemometrics to discriminate bloodstains 
from other body f luid traces (2– 4), per form species 
identification (5–8), and determine phenotypic traits 
of human donors such as sex (9), race (10), age group 
(11). It is of special importance for practical forensic 
purposes that the Raman spectroscopic method for 
bloodstain identification is confirmatory and “immune” 
from environmental false positives (12). The availability 
of portable and handheld Raman instruments makes 
bloodstain analysis within the first minutes of the crime 
scene discovery a reality.

The near infrared (NIR) Raman spectra of blood, when 
excited at 785 nm, are dominated by a contribution from 
hemoglobin. When blood exits the body, it is red in 
appearance, but as it dries, bloodstains darken. This 
red-to-brown color change occurs as a result of the au-
toxidation of hemoglobin into oxyhemoglobin (oxyHb). 
As the bloodstain aging process continues, oxyHb is 
converted into methemoglobin (metHb). Once in this 
state, the hemoglobin molecule is no longer able to 
bind oxygen. Finally, when blood is outside the body 
for an extended period of time, metHb will form ag-
gregates of hemichrome. Raman spectroscopy detects 
these changes in hemoglobin over time and provides 
the basis for determining the TSD of bloodstains. In 

our initial study, we developed an accurate regression 
model for bloodstain aging for the first week since the 
deposition (13). Doty and associates were able to moni-
tor the autoxidation process of hemoglobin by follow-
ing the intensity changes of the Raman bands at 377 
and 420 cm-1. These bands are markers for metHb and 
oxyHb, respectively. Changes to these two bands began 
after one hour of deposition, with a relative increase in 
the 377 cm-1 peak and a decrease in the 420 cm-1 peaks. 
Using partial least squares regression (PLSR), the TSD of 
bloodstains was predicted with an accuracy rate of 0.99 
and when cross-validated the accuracy rate was 0.97 for 
up to one week. 

To ascertain the full capabilities of the method, we 
continued to monitor the Raman spectra that allowed 
for building a regression model to determine the TSD 
for up to two years (Figure 1) (14). There were evident 
changes to Raman spec tra even af ter two years of 
aging. As a result of heme aggregation during aging, 
the fluorescence interference continuously decreased 
the quality of the Raman spectra. This is because of the 
changes in the electronic structure of heme as it ages 
(15). The intensity of the Raman bands decreased, and 
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the peaks broadened af ter a pro-
longed (about a year or longer) TSD. 
These changes were tentatively at-
tributed to the advanced degrada-
tion of hemoglobin. Using the PLSR 
model, Doty and associates were 
able to predict the TSD of blood-
stains up to two years with 70% ac-
curacy. Some might speculate that 
this error is too large for practical 
application, but the method defini-
tively differentiates between blood-
stains that were present at crime 
scene for a few hours, a few days, 
a few weeks, a few months or over 
a year. Just as Raman spectroscopy 
has proven to be a valuable tool for 

discriminating between body fluids, 
this technique has the potential to 
be a one-step analysis method to 
both identify a biological stain as 
blood and approximate its TSD.

Despite the promising progress 
made toward creating an easy-to-
use method for determining the TSD 
of bloodstains, there is still more 
work that needs to be done. Doty 
and associates reported on blood-
stains that were aged in a laboratory 
environment at ambient conditions. 
There are infinite varieties of poten-
tial conditions and environments in 
which forensic biological evidence 
can be discovered that can affect the 

blood aging process. Developing 
regression models for Raman spec-
troscopic signatures of bloodstains 
aging at various “extreme” environ-
ments appears to be the next logical 
step moving forward. The combina-
tion of the accumulated data into a 
single universal model applicable for 
all common environments would be 
ideal for practical application. The 
capability to create this universal 
model has yet to be demonstrated. 
This is problematic because of a 
combined complexity of 1) gathering 
more comprehensive spectral char-
acteristics of bloodstains exposed 
to various “extreme” environments, 
and 2) the statistical analysis allow-
ing for an accurate accounting of a 
specific environmental effect on the 
bloodstain aging. Overcoming these 
problems would allow for the building 
of a comprehensive (universal) model 
for predicting TSD of bloodstains 
found in any common environment. 
Such a development would be a great 
step forward in solving the perpetual 
problem of determining the TSD of a 
bloodstain for forensic purposes.
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Can Raman Spectroscopy  
Be a Useful Tool in the Fight 
Against COVID-19?
Duncan Graham

On the 31st of December 2019, the first 
cases of what is now known as COVID-19 
caused by the SARS-CoV-2 virus appeared 
on the radar of the World Health Organiza-
tion (WHO) in Wuhan, China. This outbreak 
rapidly escalated into a global pandemic 
with the virus capable of spreading very 
rapidly and uncontrollably between indi-
viduals, and within groups, where there 
was unrestricted movement and contact. 
Because of the rapid spread of the virus 
and the severe consequences associ-
ated with contracting the virus, there was 
a global response to attempt to combat 
the effects of the virus. The WHO was ad-
amant that rigorous and plentiful testing 
was the key underpinning approach that 
would provide the data required to con-
trol the spread of the virus and inform the 
models of the extent of the transmission. 
From the first sequencing of the SARS-
CoV-2 virus there emerged a polymerase 
chain reaction (PCR)–based test that re-
lied on reverse transcription of the viral 
RNA followed by a subsequent PCR. This 
indicates the presence or absence of the 
virus and has remained the gold standard 
test to date. Typically, this takes 24 h before 
the result is returned from sample acquisi-
tion, meaning that it is difficult to rapidly 
assess a patient presenting with symp-
toms and whether the person is infected 
or not (although some assays take only 2 h 
to run, the process of getting samples to 

the testing site and obtaining results can 
take time). Abbott more recently just had 
a point-of-care PCR assay approved by the 
U.S. Food and Drug Administration (FDA) 
that takes 5 min for a positive result and 13 
min for a negative result but still relies on 
nucleic acid detection. In a recent publi-
cation (1) it was found that the PCR assay 
responded negatively for serum testing yet 
patients were still displaying symptoms of 
COVID-19. When their upper respiratory 
tracts were tested, positive responses 
were found beyond the end of symptoms 
and seroconversion took between 7 and 
14 d. This shows that the PCR test is good 
for respiratory samples but is limited in its 
ability to provide more information about 
the progression of the disease and subse-
quent immunity. This realization has led to 
interest in an immunoassay with a number 
of immunoassays being rolled out by dif-
ferent companies such as Biomedomics 
and Cellex (2), however the majority of 
these tests examine the overall immune 
response and then assume the immune 
response is coming from SARS-CoV-2 in-
fection. They make use of the fact that the 
immune system dramatically increases the 
amounts of IgM protein as a result of the 
initial infection by the virus and then subse-
quently the levels of IgG increase, showing 
that there is an immune response to the 
virus from the host (3). Therefore, looking at 
the IgG and IgM response using an immu-
noassay (such as a lateral flow test similar 
to a pregnancy test) gives an indication of 
whether a presenting patient has an im-
mune response. If the patient is present-
ing with symptoms of COVID-19 then the 

assumption is the immune response is 
due to that virus. In tests conducted so 
far, this approach has shown better ac-
curacy for a negative response, however 
the positive response appears to be less 
accurate, which leaves a considerable gap 
in determining whether someone has the 
COVID-19 infection (1). An alternative im-
munoassay is being developed by Sona 
Nanotech to detect the S-protein on the 
coronavirus rather than the immune re-
sponse of the host,  which would provide 
an accurate diagnostic for SARS-CoV-2. 
All the immunoassays make use of gold 
nanoparticles and their highly visible colo-
rimetric response while the PCR-based as-
says make use of fluorescence detection. 
The questions for this article are whether 
or not there is role for Raman spectros-
copy to play in the fight against COVID-19 
and, if so, what that role might be.

Raman spectroscopy is a highly in-
formation-rich technique that provides 
unique vibrational fingerprints either of 
individual molecules or complex matri-
ces. Water has a low background signal,  
making it ideal for biological samples that 
are in aqueous, buffered solutions, how-
ever the lack of sensitivity can be an issue 
for Raman spectroscopy. The following 
are some thoughts about where Raman 
spectroscopy and variations of Raman 
spectroscopy may play a role in the fight 
against COVID-19 now and in the future. 

The first area that Raman spectroscopy 
can obviously play a role in is the detection 
and diagnosis of an infected patient sam-
ple. There are literature methods reported 
on the detection of various viruses using 

mailto:ilednev@albany.edu
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Raman spectroscopy and subsequent 
classification of them, normally based on 
chemometrics and some form of principal 
component analysis. Is there an opportu-
nity for Raman spectroscopy to provide di-
rect detection of infected patients? Would 
this Raman vibrational fingerprint change 
as the degree of infection either increases 
or decreases and would this vibrational 
fingerprint from the patient allow the pro-
gression of the disease to be followed and 
subsequent immunity determined? Would 
isolation of the viral particles from the sam-
ple need to be performed? These are very 
challenging questions to answer. The virus 
itself would need to be handled in its live 
form in category 3 laboratories, however 
there may be opportunities to use some 
of the deactivated virus in due course. 
Several groups are working on direct de-
tection of COVID-19 infected patients and 
one has to remember that unlike other viral 
detections COVID-19 does not appear to 
be found in high levels in blood; therefore, 
nasal swabs are widely used, with saliva a 
viable option too. (4). There is evidence that 
the virus replicates in the gastrointestinal 
tract,  giving rise to the possibility of detec-
tion in the stool as well as sputum. An ad-
vantage of Raman spectroscopy coupled 
with chemometric methodologies is that 
with the COVID-19 there are huge num-
bers of samples that can be tested. This 
would provide a massive training set and 
the potential for very accurate discrimina-
tion between infected and non-infected 
and also potentially to determine the state 
of the disease in terms of its lifetime within 
that specific patient. We know that IgG and 
IgM antibody levels are already being mea-
sured and used as potential biomarkers 
for infection in the immunoassay format. 
If these levels are being increased, would 
it make sense to then have a blood-based 
spectroscopic profiling of patients from 
early infection to later infection that would 
allow differences and changes in IgM and 
IgG to be elucidated using Raman spec-
troscopy and subsequent data analysis to 
detect global inflammatory responses in 
the blood? Can Raman spectroscopy be 
used for surveillance of patients in terms 
of whether the virus is spreading, how it is 
spreading, whether they have immunity, 

and whether vibrational fingerprints are 
changing with time?

Spontaneous Raman spectroscopy may 
not be sensitive enough to deliver this clas-
sification and there are a number of papers 
in the literature where surface enhanced 
Raman scattering (SERS) has been used 
to improve sensitivity. In particular there 
has been work conducted on classifica-
tion of measles, which again indicates 
that Raman spectroscopy and SERS could 
have a vital role to play in terms of clas-
sification of patients with the disease (5). 
It could also provide a methodology for 
studying those patients who are asymp-
tomatic but have the vibrational finger-
print of someone who has been infected. 
This is still one of the unknown questions 
in the whole COVID-19 pandemic. 

Another significant question in the 
COVID-19 pandemic is why do some 
people display mild symptoms and some 
display more symptoms? Can Raman spec-
troscopy have a role to play in determining 
the answer to that? This may require more 
high-level imaging of the virus and interac-
tion of the virus with different cells where 
label-free imaging with techniques such 
as stimulated Raman scattering or coher-
ent anti-stokes Raman scattering (CARS) 
can play a role. A very recent preprint 
from Volker Deckert has shown that fast 
CARS tip-enhanced Raman scattering  
(TERS) can provide a vibrational finger-
print from single viral particles and could 
be a very useful methodology to enhance 
an understanding of the virus and how it 
interacts with different host cells (6).

The final area where Raman spectros-
copy might be able to play a role is in the 
post-infection surveillance and determina-
tion of immunity. However, to achieve this 
the right target needs to be determined 
through further investigation and immu-
nological studies of those infected with 
the virus and recovered. There could be 
an opportunity for a SERS immunoassay 
where sensitive detection of a biomarker 
is necessary if the right biomarker has 
been determined. SERS would allow an 
improvement in sensitivity over conven-
tional immunoassays while still retaining 
the speed of detection, however the com-
plexity increases slightly because of the 

need to produce a Raman reporter and 
also have a suitable Raman spectrometer 
available. Many Raman spectrometers 
have now been designed and published 
for use specifically with lateral flow im-
munoassays (7,8), therefore the only real 
barrier to SERS being used for this type of 
measurement is in determining the right 
target and having that validated. 

Going forward, where else can Raman 
spectroscopy play a role in the fight against 
COVID-19? We will still need to understand 
more about the infection pathway and how 
the virus interacts with specific hosts. This 
understanding could lead to a role for 
Raman microscopic imaging as a comple-
mentary tool to imaging approaches com-
monly used to visualize virus interactions 
with host cells that involve fluorescence or 
mass spectrometry. Until more is known 
about the nature of the virus and these 
questions answered it is difficult to say ac-
curately where Raman spectroscopy can 
play a role. However, it is clear that as a la-
bel-free imaging technique Raman, stimu-
lated Raman scattering (SRS), and (CARS) 
are all techniques that could be used to 
great effect in this research. More needs 
to be understood about how repurposed 
drugs are interacting with the virus and this 
is an area where label-free analysis could 
be of interest and in particular due to the 
size of the virus high-resolution or super-
resolution Raman spectroscopy or TERS 
could be techniques that could provide 
very useful real-time information to the 
researchers trying to understand more 
about the production of effective antivi-
rals against COVID-19. This is something 
that is obviously much longer term but 
the question has to be asked whether 
Raman scattering could provide an op-
portunity to gain information that is use-
ful in completing the picture of analysis 
required to understand more about 
COVID-19 infection, its subsequent 
spread, and ultimately control.
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ATOMIC SPECTROSCOPY

VENDOR PERSPECTIVES
WHAT ARE THE MOST IMPORTANT QUESTIONS
THAT WILL BE ANSWERED, OR NEED TO BE
ANSWERED, BY ATOMIC SPECTROSCOPY IN 
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Over the next five years, X-ray atomic and molecular spectroscopy will continue to play major roles 
in institutes as diverse as environmental testing, semiconductor metrology, pharmaceutical develop-
ment, biotechnology, and industrial chemistry. Recent demands for pharmaceutical and biotech-
nology testing are resulting in a rising need for analytical measurements in laboratories. The most 
important questions that will need to be answered by X-ray spectroscopy will relate to the ability of 
analytical systems to perform multiple analyses at higher efficiency in shorter timeframes. Over the 
last seven decades, Rigaku has stood behind those who engage in the advancement of science, 
with dedication, innovation, and diligence, irrespective of challenge that surrounds us at any given 
moment in time. With so much uncertainly in the world today, we remain committed to maintain this 
tradition of ours. Unabated.
Keith Crane, President and C.O.O, Rigaku Americas

Laboratories performing trace metals analysis will always be faced with the challenge of achieving 
lower and lower levels of detection. Laboratories will not only be forced to use more sensitive 
instrumentation, but also take the critical steps necessary to minimize the analytical blank. Savillex 
specializes in products that help laboratories achieve the lowest blanks possible, such as PFA 
labware manufactured from the highest purity of fluoropolymers. In addition, Savillex’s DST 
series enables laboratories to produce their own high-purity acid, and the new VC Ultra Acid 
Vapor Cleaning System provides laboratories with a safe and effective approach to acid cleaning 
microwave digestion vessels and other labware.

Tim Michel, Business Development Manager, Savillex
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The outbreak of COVID-19 will determine certain research pathways in the field of molecular 
spectroscopy with funding now being diverted towards this area. This will be the case for a number 
of years to come.

Molecular spectroscopy will play a key role as a biomedical tool allowing diagnosis and monitoring 
of human disease and viral infection. Questions around bacteria and viruses can be answered by the 
likes of fluorescence and the PCR technique, NIR spectroscopy, and vibrational spectroscopy such 
as FT-IR and Raman spectroscopy. How these techniques complement each other and provide a 
complete spectroscopic detection system will be the answer many will be trying to provide.

Alistair Rennie, Head of Product, Edinburgh Instruments

One of the most conspicuous areas in which molecular spectroscopy can make an impact is 
disease detection, but I believe it goes further than that. 

We see many of our researchers and OEMs advancing rapid biological diagnostics, which is, of 
course, very relevant right now. But it goes much farther than the challenges of COVID-19. Raman 
spectroscopy and light scattering in tissue are yielding answers about everything from blood 
glucose levels and parasitic infection to metabolic markers, while multiplexed, conjugated SERS 
nanoparticles promise assays for pathogen detection, from bacteria in the food supply to disease. 
Compact, portable instrumentation is making it possible to bring these methods to the point of 
need—clinic, food chain, or patient’s home—exactly where we can make the most difference.

Cicely Rathmell, VP Marketing, Wasatch Photonics

How can the benefits of advanced molecular spectroscopy techniques, such as Raman imaging 
microscopy, be brought to new fields of application?

Full automation, including self-alignment and remote operation, is the key to unlocking the 
potential of vibrational spectroscopy for many areas of research and will be crucial in furthering 
its adoption. Instruments that can be configured and optimized through automated routines 
can achieve consistently high performance, reduce potential sources of error, and be controlled 
in environmental enclosures or from another location. This will appeal to facilities that require 
highly-sensitive analyses, versatility in experimental setup, and high sample turnover rates.

Olaf Hollricher, Co-founder and Managing Director of R&D at WITec GmbH
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Trace inorganic analysis with inductively coupled plasma mass spectrometry (ICP-MS) will continue 
to become more “organic.” Simultaneously, mobile ICP-MS platforms will need to be developed to 
address an increasing number of environmental questions outside of the laboratory. 

Advances in ICP-MS sensitivity and the ability to simultaneously measure many analytes at high 
speed have enabled multielement analysis of individual nanoparticles and cells. Single-particle 
ICP-MS is now routinely used to measure natural metal content in individual biological cells. With the 
help of antibodies and metal labels, single-particle ICP-MS can even characterize the type and state 
of cells based on biomolecular properties. Compared to optical systems, the use of isotopically pure 
metals instead of fluorescence markers multiplies the number of parameters than can be measured.

Developments in laser ablation technology have further expanded the spectrum of trace-element, 
biological analyses based on ICP-MS. Due to reduced dispersion of ablated material, single laser 
pulses are now recorded by the MS instrument as transient signals lasting only a few milliseconds. 
This allows operation at high laser frequency and with ever smaller spot sizes. High-resolution, two-
dimensional images of biological tissue can now be measured in relatively short times (for example, 
1 megapixel in 3 h), making it practical to develop high-throughput experimental workflows.

Spatial resolution of individual cells in a thin tissue section requires laser spot diameters of 1 
micrometer or smaller. The sample volumes removed at these resolutions are correspondingly minute. 
Recent increases in MS sensitivity allow measurement of the distribution of elements in cells by laser 
abelation (LA)-ICP-MS. Interaction of metals in tissues as in platinum chemotherapy can be studied, and 
natural elements and even biomolecules can be detected through specific antibody-based metal labeling.

ICP-MS analysis has gained in popularity because of advantages in detection power and selectivity. 
However, X-ray, electron, and ion beam sources have also evolved and will likely continue to be 
important tools. Ever-increasing computing power allows for better calculation of complex matrix 
effects caused by interactions of the source beam and the generated photons with the sample matrix, 
improving quantification and speed of analysis. The next few years will show how photometric and 
mass spectrometric methods will be used complementarily.  With its advantages, however, inorganic 
MS will certainly claim an important role in biological analysis.

ICP-MS instruments have been on the market for almost 40 years and have become a staple 
in laboratories around the world. While many other methods have been successfully moved from 
the laboratory into the field, ICP-MS has not yet made the leap. With current high interest in trace 
elemental analysis in the environment, the moment is right for this important development. From 
measuring small particles with high metal content created in combustion processes to analyzing 
brake dust having respirable particle sizes, there is intense need for real-time measurements of small 
inorganic particles at their sources.

Mobile LA-ICP-MS will also benefit the characterization of uranium waste produced in energy 
generation. Only ICP-MS currently offers the potential to provide accurate results in a short time and 
with high detection power to examine such nuclear waste on site and characterize it for final disposal. 
With a mobile ICP-MS, transports of active samples to external laboratories could be avoided. Direct 
detection and monitoring would as well be available on-site after nuclear accidents. 

Martin Tanner, icpTOF Product Manager, TOFWERK, Thun, Switzerland
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Raman spectrometer
B&W Tek’s QTRam portable 
transmission Raman spec-
trometer is designed for 
rapid and nondestructive 
quantitative analysis suit-
able for content uniformity 
testing of finished prod-
ucts such as tablets and 
capsules. According to the 
company, the unit can be 
operated using 21 CFR Part 
11 compliant software for 
quantitative analysis on the inbuilt tablet computer.  
B&W Tek, Newark, DE. www.bwtek.com

Fiber spectrometer
The NLIR S2050 2.0 µm 
fiber spectrometer is 
designed for a variety 
of applications, includ-
ing characterization of 
light sources, combustion 
analysis, gas monitoring, 
food analysis, charac-
terization of coatings, 
composite materials, and 
foils. According to the 
company, the spectrometer combines speed (600 Hz), 
sensitivity (5 pW/nm), and resolution (6 cm-1).  
NLIR ApS, Copenhagen, Denmark. www.nlir.com

UV-vis-NIR cuvettes and cells
REFLEX Analytical’s 
selection of UV-vis-NIR 
cuvettes and cells are 
designed with UV quartz, 
IR quartz, and glass 
materials. According to 
the company, the products 
are available with fitted 
covers, plugs, screw 
caps, anaerobic screw 
caps, and graded seals. 
REFLEX Analytical Corp., 
Ridgewood, NJ. 
www.reflexusa.com/cuvettes-uv-vis-nir.html

Reconfigurable Raman probes
Raman probes from 
Wasatch Photonics are 
designed with a user-
replaceable barrel with mul-
tiple probe tip options to 
allow reconfigurable work-
ing distances, and provide 
an interface to different 
sampling setups. Accord-
ing to the company, focal 
length options range from 
just a few microns from the probe tip to a distance of 50 mm.  
Wasatch Photonics, Morrisville, NC.  
www.wasatchphotonics.com

Spectra database
Wiley’s KnowItAll software 
is designed as the world’s 
largest spectral library 
collection. According to 
the company, the database 
includes tools to identify, 
process, and manage 
spectra from multiple 
techniques (including IR, 
MS, NMR, Raman, and 
UV-vis) and instrument 
vendors.   
Wiley, Hoboken, NJ. 
www.sciencesolutions.wiley.com

Grating-based spectrometer
The C14384MA-01 compact 
grating-based spectrometer 
from Hamamatsu is designed 
for measuring sugar content 
in fruit. According to the 
company, the spectrometer 
has a spectral response 
range of 640 to 1050 nm, 
a resolution of 17 to 20 nm 
(depending on the wave-
length), and is suitable for 
pocket (consumer) spectrometers and handheld instruments.  
Hamamatsu Corporation, Bridgewater, NJ.  
www.hamamatsu.com

Raman spectrometer
Ocean Insight’s QE 
Pro-Raman+ high-
sensitivity 785 nm Raman 
spectrometer is designed 
to provide low limits of 
detection for trace-level 
materials identification. 
According to the company, 
the spectrometer provides 
clean, sharp, and stable 
Raman signatures from 105 
cm-1 to 3000 cm-1. 
Ocean Insight, Largo, FL.  
www.oceansight.com

Scanning multi-element process coatings 
analyzer
Rigaku’s NEX LS energy 
dispersive X-ray fluores-
cence (EDXRF) scanner 
is designed to perform 
multi-element composition 
coat weight, and coat-
ing thickness analyses for 
web and coil applications. 
According to the company, 
the analyzer enables real-time coating analysis (for example, 
Cr, Ti, V, Mn, Ni, and Zr) on metal substrates.  
Rigaku Corporation, Tokyo, Japan.  
www.rigakuedxrf.com/xrf.php
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