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Note from the CEO
Mike Hennessy, Jr. 
President & CEO, MJH Life Sciences®

F or scientists in any field, keeping up with the work of others 

is essential. By doing so, researchers verify reported methods 

and data, build off the advances of others, and avoid repeating 

approaches that don’t work.

Sometimes, however, we just want to know if we are “keeping up with 

the Joneses,” as the American expression goes.

Our annual survey allows you the guilty pleasure of comparing your 

salary and working conditions with those of your peers. Are you making 

more or less than the average? Is your level of anxiety about the economy 

higher than normal? Are the effects that your organization is experienc-

ing as a result of inflation or supply chain disruptions typical? You can 

get a sense of all those things in our report in this issue, where we now 

present most of the data in a friendly graphical format. 

Of course, this information is not just an entertaining diversion.  

It’s also useful for assessing important realities of your work and career, 

particularly in an employment environment like the one that seems to be 

persisting in many professional sectors of the United States, where it can 

seem like everyone is changing jobs and looking for something better. 

Is it time for you to demand more, or to move on? Or, on the contrary, 

are things pretty similar elsewhere? Our snapshot can give you a sense. 

Some pieces of the data will also reveal that the situation is not so clear 

cut. For example, 63% of our survey respondents said their current work 

environments are better than last year—but even so, 59% said they are 

interested in looking for a better job. Is that just restlessness, or a fear of 

missing out? Or does it reflect the oft-touted advice that the best way to 

get a higher salary is often to move to a new organization?

While you ponder those perspectives, and how they relate to your 

own situation, you will no doubt need to continue to address the daily 

questions of the job you still have. How can I improve my analytical 

method? Is there another approach or technique I should consider for 

the analysis at hand? How can I better understand the data I am seeing?

As with every issue, articles this month will help you with those con-

cerns. In “IR Spectral Interpretation Workshop,” Brian Smith demystifies 

the infrared spectroscopy of organic nitrogen polymers. In “Atomic Per-

spectives,” Rob Thomas celebrates the 40th anniversary of the commer-

cialization of ICP-MS by examining trends in the application of the ap-

plication of the technique. (Should you be using ICP-MS for your analysis? 

This article will help you decide). A peer-reviewed article, in turn, reviews 

the use of multivariate analysis (MVA) methods in pharmaceutical process 

monitoring to resolve numerous analytical challenges, such as overcoming 

matrix effects, extracting reliable data from dynamic matrices, and more.

The practical information you learn from these articles just might help 

you get your next job.

Fran Adar  Horiba Scientific

Russ Algar  University of British Columbia

L. Robert Baker The Ohio State University

Matthew J. Baker  University of Strathclyde 

Ramon M. Barnes  University of Massachusetts

Matthieu Baudelet  University of Central Florida

Rohit Bhargava  University of Illinois at Urbana-Champaign

Karl S. Booksh  University of Delaware

Michael S. Bradley  Thermo Fisher Scientific

Deborah Bradshaw  Consultant

George Chan  Lawrence Berkeley National Laboratory

John Coates  Coates Consulting LLC

John Cottle  University of California Santa Barbara

Paul J. Gemperline  East Carolina University

Dominic Hare  University of Melbourne

David Lankin  University of Illinois at Chicago, College of Pharmacy

Barbara S. Larsen  Larsen Scientific Consulting

Barry K. Lavine  Oklahoma State University

Igor K. Lednev  University at Albany, State University of New York

Bernhard Lendl  Vienna University of Technology (TU Wien)

Ian R. Lewis  Kaiser Optical Systems

Howard Mark  Mark Electronics

R.D. McDowall  McDowall Consulting

Gary McGeorge  Bristol-Myers Squibb

Francis M. Mirabella Jr.  Mirabella Practical Consulting Solutions, Inc. 

Ellen V. Miseo  Consultant 

Michael L. Myrick  University of South Carolina

John W. Olesik  The Ohio State University

Yukihiro Ozaki  Kwansei Gakuin University

Steven Ray  State University of New York at Buffalo

Andreas Riedo University of Bern

Jim Rydzak  Specere Consulting 

Jacob T. Shelley  Rensselaer Polytechnic Institute

Barry Wise Eigenvector Research Inc.

Jerome Workman Jr.  Biotechnology Business Associates

Lu Yang  National Research Council Canada

Spectroscopy’s Editorial Advisory Board is a group of distinguished individuals 
assembled to help the publication fulfill its editorial mission to promote the 
effective use of spectroscopic technology as a practical research and measurement 
tool. With recognized expertise in a wide range of technique and application areas, 
board members perform a range of functions, such as reviewing manuscripts, 
suggesting authors and topics for coverage, and providing the editor with general 
direction and feedback. We are indebted to these scientists for their contributions 
to the publication and to the spectroscopy community as a whole.

Editorial Advisory Board



8  Spectroscopy 38(3)   March 2023 www.spectroscopyonline.com

ATOMIC PERSPECTIVES

40 Years Old and Still Solving 
Problems: Evolution of the  
ICP-MS Application Landscape

The year 2023 marks the 40th an-
niversary of the commercialization 
of inductively coupled plasma-
mass spectrometry (ICP-MS). 
Today, there are close to 2000 ICP-
MS systems installed worldwide 
every year, representing around 
$400M in annual sales. These in-
struments are used for a wide va-
riety of applications, from routine,  
high-throughput multielement 
analysis to more complex tasks, 
such as trace element speciation 
studies with high-performance 
liquid chromatography and moni-
toring of nanoparticles. My column 
this month will look at the evolv-
ing ICP-MS marketplace, high-
lighting current application trends  
(compared to other analytical 
spectroscopy techniques), and 
where the technique might be 
heading 5–10 years from now.

Robert Thomas  

At the 1983 Pit tsburgh  
Conference, SCIEX intro-
duced the ELAN 250 quad-

rupole-based inductively coupled 
plasma ( ICP) mass spec trometer 
(F igure 1).  I t  would be another  
12 months before i t s  jo int  ven-
ture with PerkinElmer, Inc. was an-
nounced, but the event was the 
start of the meteoric rise of ICP-mass 
spectrometry (ICP-MS) as the domi-
nant multielement technique used 
for ultra-trace elemental analysis, 
and the beginning of a competitive 
race which would see a number of 
other vendors and other mass spec-
trometer technologies come and go 
over the next 40 years. 

Today, there are close to 2000 
ICP-MS systems installed worldwide 
ever y year, representing around 
$40 0M in annual sales, per form-
ing a wide variety of applications, 
from routine, high-throughput mul-
tielement analysis to more complex 
tasks, such as trace element specia-
tion studies with high-performance 
liquid chromatography and moni-
toring of nanoparticles (1). As more 
and more laboratories invest in the 
technique, the list of applications 
is getting significantly larger and  
more diverse. 

In previous publications, I have 
given detailed information about 
the various ICP-MS application sec-
tors being carried out by the user 
community (2). However, 40 years 
af ter the commercialization of the 
technique, it would be almost im-
possible to capture al l  of them.  
The most common ones include en-
vironmental monitoring, geochemi-
cal, metallurgical, petrochemical, 
petroleum, food, clinical, toxicol-
og y,  semiconduc tor,  indus t r ia l ,  
energy, agricultural, nuclear, phar-
maceutical, and cannabis, but every 
year it seems that a new market has 
woken up and realized the full po-
tential of its capabilities. 

So, to celebrate the 40th anniver-
sary of the technique, I have already 
begun working on the 4th edition 
of my ICP-MS textbook, “Practical 
Guide to ICP-MS: A Tutorial for Be-
ginners,” which will be available in 
the early summer of 2023. 

 I cannot believe it has been al-
most 20 years since I published the 
f irst edition of the book in 2004, 
and 8 years since the 3rd edition 
was launched in 2014. But I have 
not been idle, as I have written two 
additional books since, one on el-
emental impurities in pharmaceu-
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t icals published in 2018, and the 
other on heavy metals in cannabis 
and hemp in 2021. What was origi-
nally intended as a series of ICP-MS 
tutorials on the basic principles for 
Spectroscopy Magazine in 2002 (3) 
quickly grew into a textbook focus-
ing on the practical side of the tech-
nique. With over 6000 copies sold, 
including a Chinese (Mandarin) edi-
tion, I’m very honored that the book 
has gained the reputation as being 
the reference book of choice for 
novices and beginners to the tech-

nique all over the world. Sales have 
exceeded my wildest expectations. 

However, this edition will be a 
lit tle dif ferent, because, based on 
reader feedback, I have decided 
to also include fundamentals and 
applications of other complemen-
t a r y  a tomic  s p e c t ro s c o py  ( A S ) 
techniques, including inductively 
coupled plasma optical emission 
spectroscopy (ICP-OES), flame and 
graphite furnace atomic absorp-
tion spectroscopy (FAAS/GFAAS), 
atomic f luorescence (AF), micro-

wave induced plasma atomic emis-
sion spectrometry (MIP-AES), X-ray 
f luorescence (XRF), laser induced 
breakdown spec t rometr y (L IBS)  
and laser ablation, laser ionization 
time-of -f ight mass spectrometry 
(LALI-TOF-MS). Moreover, to cap-
ture the staggering f lexibility and 
capability of ICP-MS, the new book 
will also include a chapter dedicated 
to the continually evolving applica-
t ion landscape of the technique 
compared to other AS techniques.  
So, to give readers of Spectroscopy 
a flavor of the new book, particularly 
the ICP-MS marketplace, my AP col-
umn this month will highlight current 
application trends and where the 
technique might be heading 5–10 
years from now.

Widespread Acceptability 
of ICP-MS
As a result of the widespread use 
and acceptabili t y of ICP-MS, the 
cost of commercial instrumenta-
tion has dramatically fallen over the 
past 40 years. When the technique 
was first introduced, $250,000 was 
a fair ly t ypical amount to spend, 
whereas today one can purchase 
a quadrupole or TOF system for 
under $150,0 0 0. Although i t can 
cost a great deal more to invest in 
magnetic sec tor technology or a  
“triple quadrupole” collision/reac-
tion cell instrument, most laborato-
ries that are looking to invest in the 
technique should be able to justify 
the purchase of an instrument with-
out price being a major concern.  
One of the benefits of this kind of 
price erosion is that, slowly but surely, 
the AA and ICP-OES user community 
are being attracted to ICP-MS, and 
as a result, the technique is being 
used in more and more diverse ap-
plication areas. Figure 2 shows the 
approximate percentage breakdown 
of the major market segments being 
addressed by ICP-MS on a worldwide 
basis over the past 40 years (2).

T h re e  p o in t s  s h o u ld  b e  e m -
phasized here. Fir s t ,  these data 

FIGURE 1: 1983 PittCon program announcing the introduction of the first commer-
cial ICP-MS system. Printed with the permission of The Pittsburgh Conference.

Geochemical
13%
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37%

Semiconductor
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Pharma/Cannabis
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Nuclear
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Research
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Food/Agriculture
2%

Clinical
18%

Petrochem
1%

FIGURE 2: Pie chart showing worldwide ICP-MS application market breakdown (2).
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can be signif icantly dif ferent on 
a geographical or regional basis, 
because of factors such as a coun-
try’s commitment (or lack of it) to 
environmental concerns or the size 
of a region’s electronics or nuclear 
industry, for example. Furthermore, 
many laboratories carry out more 
than one type of application, and as  
a result can be represented in more 
than one market segment. Finally, 
the research market segment has 
been listed as a separate category 
to show the instruments that are 
being used in an academic environ-
ment or for non-routine applica-
tions. However, many universities, 
federal organizations, or corporate 
R&D groups might be using their in-
strumentation for research purposes 
in a particular application segment. 
For these reasons, these data should 
only be considered an approxima-
tion for comparison purposes.

Application Capability
It’s fair to say that ultratrace detec-
tion capability, combined with in-
creased sample throughput, have 
been the main incentives for ana-
lytical chemists to invest in ICP-MS. 
The technique is now considered a 
mature tool that is being used for 
the routine, high-throughput analy-
sis of complex samples with rela-
tively seamless sample preparation 
procedures. In the early days, it was 
used by academic institutions and 
large corporate R&D laboratories. 
Nowadays, ICP-MS instrumenta-
tion is also being used by contract 
laboratories in the routine analysis 
of environmental, pharmaceutical, 
and biomonitor ing applicat ions, 
among others. This has been made 
possible by greater automation on 
the sample preparation side and 
seamles s method deve lopment 
tools, which have resulted in far less 
operator expertise required to run 
them. It is also worth pointing out 
that stricter regulations are requir-
ing lower and lower detection limits 
(DLs), par ticularly in the semicon-

ductor, toxicology, and food market 
segments. In addition, for the past five 
years, the rapid growth in the canna-
bis industry has meant cultivators and 
processors have to ensure the safety of 
consumer products by meeting strict 
state-based limits for contaminants 
like heavy metals. So, the drive toward 
lower detection limits is just one fac-
tor, whereas the other is the analytical 
needs and demands of the customer. 

For example, the electronics industry is 
faced with the enormous challenge of 
“chasing zero,” so manufacturers must 
measure the lowest level of elemental 
impurities in process chemicals and 
electronic devices to ensure the high-
est performance of their products.

Challenges
As ICP-MS has become more ap-
plicable in a wide variety of applica-
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tion areas, it has become more read-
ily accessible to startup laboratories.  
Part of this is the development of turn-
key methods for food, environmental, 
biomonitoring, geochemical, pharma-
ceutical, and cannabis applications for 
inexperienced and novice users, which 
will be critical for the growth of this 
technique in these market segments.

Important considerations include 
ease of use, seamless software, low 
maintenance, and the ability to han-
dle different matrices, which give the 
analyst confidence in the results being 
generated and ensure they get the 
correct answer the first time and every 
time. The user community expects 
these qualities, particularly in high-
throughput laboratories. They want to 
run the instrument for extended peri-
ods with minimum maintenance and 
short downtime while simultaneously 
running multiple samples, many con-
taining high concentrations of mineral 
acids. It is important to emphasize that 
this kind of sampling environment is not 
really instrument friendly. When samples 
are being run that contain >10% mineral 
acid or >10% dissolved solids, it will 
take its toll on the instrument’s sample 
introduction components. Therefore, 
the instrument must be rugged enough 
to handle this kind of sample matrix,  
without contributing significantly to 
the routine maintenance of the system,  
while at the same time delivering high-
quality data, day in and day out.

Therefore, ruggedness is critically 
important when designing an ICP-
MS instrument. However, this is just 
one side of the analytical challenge.  
As mentioned previously, the semicon-
ductor industry is the one application 
area where this kind of ruggedness is 
expected, but the lowest possible de-
tection limits are also required. Just 15 
years ago, 10 ppt was the guideline for 
elemental impurities in semiconductor 
process chemicals; today, the industry 
is requiring 1–2 ppt. This puts unique 
demands on the design of any instru-
ment used for this kind of analysis. 

Consequently, with the push for 
lower and lower detection capabili-

ties, it is becoming a major challenge 
not only to develop instrumentation 
that has high analyte sensitivity and 
extremely low background noise,  
but also to have an ultra-clean labora-
tory and sample preparation environ-
ment that sets the stage for the de-
tection of elements at such low levels. 
Both factors are absolutely critical. 
The trend towards ease of use has 
meant that operators have less time 
to be involved with the analytical pro-
cedure, and therefore are often not 
versed in the nuances of working in 
the ultra-trace environment and won’t 
necessarily recognize issues which re-
quire user intervention, should they 
arise. For that reason, instruments 
have to offer maintenance reminders 
that mitigate potential problems be-
fore they actually happen.

Regulations
The increasing demand for state-of-
the art ICP-MS equipment that offer 
practical solutions has been mainly 
driven by regulatory requirements. 
Whatever the industry, there’s a huge 
need for the detection of lower and 
lower impurities of inorganic pollut-
ants like heavy metals. For example, 
many regulations require the testing of 
soil for toxic metals before any crops 
can be grown in the soil. In addition, 
industrial effluent must be regulated 
to know what is being discharged into 
waste streams. This is particularly the 
case with nanomaterials, which are 
finding their way into the environ-
ment. Experts have not extensively 
studied the long-term impact of in-
organic nanoparticles on plants and 
animals, so going forward, indus-
try clearly must have a much better  
understanding of this issue. 

Another example is the mining of 
minerals such as titanium dioxide, 
which is used as a whitening agent 
and silicon dioxide, used for its dry-
ing and anti-caking properties in the 
manufacture of pharmaceutical ex-
cipients, fillers and tablet binders.  
There are new regulations that require 
manufacturers to measure 24 elemen-

tal impurities at the microgram (µg) 
level in their products. If they do not 
comply with these permitted daily 
exposure (PDE) limits, they could be 
liable for significant fines or even the 
closure of their manufacturing plant.  
So, there are clearly many roles in 
which metals play a critical role in the 
world we live in, and, as a result, the 
quantification and regulation of these 
metals and metalloids is required. 
Hence the importance of using very 
sensitive techniques like ICP-MS as 
well as performance and productivity 
enhancing accessories to help us carry 
out those extremely low measurements.

Application Trends 
There are two major trends to ad-
dress those needs. One is at the 
high end, where the semiconduc-
tor and the biomonitoring markets 
are chasing after the lowest detec-
tion limits, being able to analyze as 
many inorganic analytes as possible.  
This is where you see signif icant 
research being carried out to de-
velop of fer ings with the lowest 
detec tion limits, maximum inter-
ference reduc tion, and optimum  
flexibility—in other words, the high-
est-performance instruments.

A separate trend involves the rou-
tine analysis of food, environmental, 
pharmaceutical, and cannabis related 
samples, for which ICP-MS sensitivity 
is already sufficient to meet their re-
quirements. For these laboratories, the 
trend is toward improved robustness, 
less routine maintenance, more seam-
less integration with automated sam-
pling solutions and ease of use, which 
is clearly a very different application 
segment from ultra-low background 
levels and detection capability.

Factors Impacting ICP-MS  
Instrumental Development?
Since many academic groups are 
not developing hardware intended 
for commercialization these days, 
the trend in these institutions seems 
to be focused more on application 
development. This is in contrast 
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to the 1970s and 1980s, when, for 
example, the fundamentals of ICP-
MS research were carried out pre-
dominantly in academia. However, 
more recently, we have seen a shift 
toward ICP-MS development being 
carried out mostly by manufactur-
ers, and much of the cutting-edge 
application work being carried out 
or supported by academia. A good 
example of this is the expansion of 
ICP-MS into the field of nanoma-
terials, and specifically detecting 
nanoparticles in environmental and 
biological samples over the past 
four to five years. Here there have 
been several excellent collabora-
tions occurring between universi-
ties and manufacturers. In general, 
there is an increased interest from 
universities to expand into niche ap-
plication areas that are not neces-
sarily being addressed by vendors 
or other users such as single particle 
and single cell analysis to monitor 
the metal content within single cells 
to better understand the mechanism 
of how metals such as platinum play 
a role in cancer treatment research.

Another example is in the phar-
maceut ical  indus t r y,  where USP 
C h a p t e r s  < 2 3 2 >,  < 2 2 3 2 >  a n d 
<233> and ICH  Q3D Guidel ines 
have opened up new markets for 
ICP- MS th rough recent  regula -
tions for elemental impurities test-
ing in drug products and dietary 
supplements. An extension of this 
application is the testing of can-
nabis and cannabinoid consumer 
products for heavy-metal contami-
nants known as the Big Four—lead 
(Pb), cadmium (Cd), arsenic (As), 
and mercury (Hg)—using regula-
tions initiated by the pharmaceu-
t i c a l  ind u s t r y.  However,  un l i ke 
the manufac ture of drugs, there 
is no real tracking of the sources 
of heavy metals in cannabis, so it 
is not uncommon to see produc t 
recal ls because of elevated lev-
e l s  of  e lementa l  contaminant s .  
As a result of this, it has become 
cr i t ical  to monitor the cannabis 

plants and produc ts for a wider 
panel of elemental contaminants 
than the big four and to include 
others that are worthy of consider-
ation using ICP-MS. Again, this is 
clear indication that some applica-
tion sectors are being stimulated 
by the demands of the industry and 
supported and driven by the man-
ufacturers, as opposed to coming 
from university-directed research.

 
Future Direction and 
Final Thoughts
Instrument vendors are firmly com-
mitted to the ICP-MS marketplace, 
with sales growing at approximately 
6% per year (compared to about 
3% for ICP-OES). If we look at the 
main market segment s,  such as 
semiconductor, biomonitoring, en-
vironmental, geological, industrial, 
food, pharmaceutical, and cannabis, 
it is clear that demand for ICP-MS 
is still growing rapidly. This growth 
is achieved mainly by collaborating 
with key market-driven customers 
to ensure that they are address-
ing their future needs, and using 
this feedback to help them de-
sign innovative products, whether 
re lated to appl icat ion develop-
ment ,  hard ware improvement s ,  
or software enhancements. 

The aim of this article has there-
fore been to g ive the reader  a 
snapshot of the ICP-MS applica-
tion landscape, and a better under-
standing of why it is still the fastest-
growing trace element technique 
ava i lab le today.  I f  there i s  one 
common theme that runs through 
many of these applications, it is the 
unparalleled detec tion limits the 
technique has to offer, for both the 
total and speciated form of the ele-
ment. When this is combined with 
its rapid multielement characteris-
tics, isotopic measurement capa-
bility, freedom from interferences, 
and ease of use, it is clear that ICP-
MS will continue to dominate the 
applicat ion landscape above al l 
other AS techniques. 
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IR SPECTRAL INTERPRETATION WORKSHOP

Infrared Spectroscopy of  
Polymers, XI: Introduction to  
Organic Nitrogen Polymers

Until now, our discussion of polymers has 
been limited to functional groups con-
taining carbon, hydrogen, and oxygen.  
In this column, we begin cover-
ing polymers that have functional 
groups containing nitrogen as well. 
We review the structures and bond-
ing characteristics of the nitrogen 
atom, and then begin our examina-
tion of the spectra of organic nitrogen 
polymers with a very important class  
of polymers: polyamides.

Brian C. Smith

In the last column, we concluded our 
study of the infrared (IR) spectroscopy 
of carbonyl-containing polymers by 

discussing acrylates (1). Traditionally, the 
chemical element nitrogen is consid-
ered part of organic chemistry (2). In this 
column and several following it, we turn 
our attention to polymers that contain 
organic nitrogen compounds.

The nitrogen atom has an atomic 
number of seven and contains five outer 
shell electrons. The drive of chemical el-
ements, of course, is to get their outer 
shells filled. In most organic compounds, 
nitrogen tries to fill its outer shell by 
forming three chemical bonds to other 
atoms, be they hydrogens, carbons, or 
whatever. Carbon and nitrogen can form 
single, double, or triple bonds, as seen 
in Figure 1.

Note for the C-N bond seen on the left 
in Figure 1 that the bond angles are ap-
proximately 120°, and there are three atoms 
bonded to the nitrogen. For the C=N bond 
seen in the middle of Figure 1, the bond 
angles are approximately 90° (2), and there 
are two atoms attached to the nitrogen. 
Lastly, for the C   N bond seen at right 
in Figure 1, the bond angles are ap-
proximately 180° and there is one atom  
(carbon) attached to the nitrogen.  
Nitrogen has an electronegativity of 
three, which means it tends to hog 

the electrons in any bonds it forms.  
Carbon and hydrogen have electronega-
tivities of 2.5 and 2.1, respectively (2), so 
C-N and N-H bonds are covalent.

Since we need to study nitrogen con-
taining polymers, is there is an IR sig-
nature for the presence of nitrogen in 
a sample? This question was answered 
previously when we first studied nitro-
gen containing functional groups (3).  
Briefly, C-N stretching vibration peaks 
are common but weak because they 
have a small value of dμ/dx, which is 
the change in dipole moment with re-
spect to bond length during a vibration.  
Recall (4) that the intensity of the IR 
peaks depends upon (dμ/dx)2 amongst 
other things. The small value of (dμ/dx)2  

means C-N stretching peaks are weak 
and hard to see. Also, they show up in 
the middle of the fingerprint region 
from 1400 to 1000 cm-1 (all peak posi-
tions and ranges will be in cm-1 units 
going forward even if not so noted) 
where they are lost in the level of de-
tail there. Thus, C-N stretches are not 
good group wavenumbers and are 
not useful for determining if a sample  
contains nitrogen.

C=N stretching peaks are even 
more problematic because this 
functional group is not stable and 
rarely seen. Lastly, the C   N or ni-
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trile group has a strong and unique 
peak around 2200 as we have seen  
(5). This peak is an excellent group wave-
number, but not all nitrogen containing 
polymers have a C   N bond, so this peak 
cannot be used as a diagnostic marker 
for the presence of nitrogen in a polymer.

This means we have struck out with 
trying to use carbon-nitrogen stretching 
vibrations to solve our problem. As it turns 
out, N-H stretching and bending peaks 
are our best bet for figuring out whether 
there is nitrogen in a polymer (3).

Polyamides
The first type of nitrogen containing 
compounds we will discuss are polyam-
ides. These polymers contain an amide 
group in their backbone. The structure 
and parts of the amide functional group 
are seen in Figure 2. 

There are three types of amides: 
primary; secondary; and ter tiary.  
These amides are named depending 
upon the number of C-N bonds present 
in the functional group as you can see 
in Figure 3.

Note that as the number of C-N bonds 
goes up, the number of N-H bonds goes 
down. Thus, primary amides have one 
C-N bond and two N-H bonds; second-
ary amides have two C-N bonds and 
one N-H bond; and tertiary amides have 
three C-N bonds and no N-H bonds.

Polyamides can be divided into 
roughly three groups. Nylons, which 
you have probably heard of, is another 
name for polyamides (6). Aromatic 
polyamides, where there is an aromatic 
ring in the polymer backbone, are also 
known as aramids (7). Lastly, an impor-
tant group of polyamides are proteins, 
which I am sure you have heard of.  
Now, biochemists hate it when I say this, 
but from the point of view of an organic 
chemist, proteins are polymers made 
from amino acid monomers where each 
repeat unit is linked to the next via an 
amide bond. We will discuss the spec-
troscopy of proteins in a later column.

As we have studied previously (8), 
all amides have their C=O stretching 
peaks between 1680 and 1630 because 
all of them are conjugated. Because 

C N C=N C N=

FIGURE 1: Examples of nitrogen-carbon bonds. From left to right, a carbon 
nitrogen single bond, double bond, and triple bond.

C
C

O

N

Carbonyl
Carbon

Amide
Nitrogen

Alpha
Carbon

FIGURE 2: The structural framework of the amide functional group.
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most polyamides contain second-
ary amide linkages, that will be our 
sole focus in the study of polyamides.  
Table I lists the group wavenumbers for 
secondary amides.

The number of N-H stretching peaks 
for amides equals the number of N-H 
bonds. Thus, for secondary amides 
there is only one N-H stretching peak 
which falls from 3370 to 3170 as stated 
in Table I. This peak is at 3301 and is 
labeled A in the spectrum of nylon 6,6 
seen in Figure 4.

Note that the N-H stretching peak in 
Figure 4 falls in the same range as O-H 
stretches (9). However, N-H stretches 
are weaker than O-H stretches be-
cause dμ/dx is greater for O-H than 
N-H bonds. Also, N-H stretches are 
narrower than O-H stretches because 
hydrogen bonding is weaker for N-H 
bonds than O-H bonds (10).

The C=O stretch for nylon 6,6 falls 
at 1641 as expected from Table I, 
and is labeled C in Figure 4. Note 
that it has an intense peak next to it 
labeled D at 1542, which is assigned 
as the N-H in plane bend (10). In the 
many years I have been writing these 
columns, we have said very lit tle 
about in-plane bending vibrations be-
cause they are often times weak and 
show up in the crowded fingerprint 
region where they are hard to see.  
However, the N-H stretch of secondary 
amides are unusually intense, making 
them excellent group wavenumbers. 
Also, the N-H stretch of secondary 
amides is one of the few sharp, intense 
peaks we see in the 1600 to 1500 range 
in IR spectroscopy (10).

Note that in Figure 4 the C=O stretch 
and N-H in-plane bend fall at about 1640 
and 1540 respectively, and that they are 
the two biggest peaks in the spectrum. 
In my experience, if I see the spectrum 
of a polymeric sample with a pair of in-
tense peaks near 1640 and 1540, my first 
thought is nylon.

The C-N stretch for nylon 6,6 is at 1274 
and is labeled E in Figure 4. As I men-
tioned above, C-N stretches are weak 
and peak E in the figure is a perfect ex-
ample of this. Notice there are a lot of 

other peaks around it. If this fingerprint 
region were any busier we might not see 
the C-N stretching peak at all. Lastly, the 
N-H wag for nylon 6,6 falls at 691 and is 
labeled F in Figure 4. This peak is small 
but is noticeably broadened because of 
hydrogen bonding (10).

Nylon 6,6 versus Nylon 6
In the nomenclature for nylons, the 
numbers refer to the number of carbon 

atoms in the monomer(s) used to make 
the polymer. For example, for nylon 6,6,  
each repeat unit contains six carbon 
atoms. There is a variant of nylon 6,6 
called nylon 6. The structures of these 
two polymers are seen in Figure 5.

Note that for nylon 6,6 the order of 
functional groups is C=O, C=O, N-H, and 
N-H, whereas for nylon 6, it is C=O, N-H, 
C=O, and N-H. This is a small but real 
chemical difference. Now, both nylon 6,6, 

The missing link in your sample 
prep workflow.
Milestone’s easyFILL automated reagent 
dosing station frees the operator from manual 
reagent addition and dilution processes while 
limiting their exposure to hazardous chemicals, 
ensuring the sample-to-sample reproducibility 
that generates superior analysis results.

See what Milestone can do for your lab. 
milestonesci.com/easyFILL | 866.995.5100. 

Less handling time

Reduced exposure

Consistent results

milestonesci.com  |  866.995.5100MICROWAVE DIGESTION  |  ACID PURIFICATION  |  LABWARE CLEANING

H E L P I N G
C H E M I S T S

MILESTONE

LIQUID HANDLING

Visit us at

Booth 1224

http://www.milestonesci.com
http://www.milestonesci.com/easyfill


18  Spectroscopy 38(3)   March 2023 www.spectroscopyonline.com

and nylon 6 are important commercially, 
and both these polymers are made 
into fibers for clothing and carpets. 
It would be useful if IR spectroscopy 
could tell the dif ference between 
the two. Figure 5 shows the spec-
tra of these two polymers in par t 
of the fingerprint region from 1350 
to 1050. Note that the C-N stretch 
of nylon 6,6 is at 1274, whereas for 
nylon 6, it is at 1262. Also, nylon 6 
has a peak at 1171 that nylon 6,6 
does not have, and nylon 6,6 has a 
peak at 1145 that nylon 6 does not 
have. The point is that even though 
these two polymers have very similar 
chemical structures, they have spec-
tra that can be distinguished from 
each other. This has been important 
in my own work when I once was 
tasked with developing a method 
for distinguishing nylon 6,6 from 
nylon 6 so these materials could 
be sorted and recycled separately.  

Infrared spectroscopy did the trick (11). 
This then is an example of the utility of 
IR spectroscopy to distinguish similar 
materials from each other.

Conclusions
We reviewed the topic of nitrogen 
containing functional groups, and 
then looked at the spectrum of a 
polyamide, nylon 6,6 in detail. It shows 
all the classic peaks of a secondary 
amide, and the 1640/1540 intense 
pair of peaks from the C=O stretch 
and N-H in-plane bend, which are a 
strong sign that a polymeric material 
is a nylon. We wrapped up by showing 
how infrared spectroscopy can easily 
distinguish between two chemically 
similar and economically important 
polymers, nylon 6,6 and nylon 6.
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TABLE I: The group wavenumbers for secondary amides

Vibration Wavenumber Range

N-H stretch 3370-3170 (1 band)

C=O stretch 1680-1630

N-H in-plane bend 1570-1515 (strong)

C-N stretch 1310-1230

N-H out-of-plane bend 750-680 (broad)
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Coherent Anti-Stokes  
Raman Scattering Cell Imaging  
and Segmentation with  
Unsupervised Data Analysis
John Chasse

Offering the high spectral  
resolution of conventional 
Raman spectroscopy combined 

with reduced acquisition time, multi-
plex coherent anti-Stokes Raman scat-
tering (MCARS) microspectroscopy 
using sub-nanosecond laser pulses 
has been accepted as a mature and 
straightforward technology for label-
free bioimaging. Philippe Leproux and 
colleagues have recently introduced 
the combination of the MCARS imag-
ing technique with unsupervised data 
analysis based on multivariate curve 
resolution (MCR). Leproux spoke to  
Spectroscopy about combining the 
techniques, as well as discussing the 
potential of the results.

A recent paper you published (1)  
states that coherent Raman im-
aging has been extensively ap-
plied to l ive-cel l imaging in 
the last two decades, making 
it possible to probe the intra-
cellular lipid, protein, nucleic 
acid, and water content with a 
high-acquisition rate and sen-
sitivity. What advantages does 
this particular technique offer 
compared to other label-free  
spectroscopic procedures?
It combines a high spatial resolution 
(~300 nm laterally) and a high acquisi-
tion speed, making it compatible with 
the observation of biological specimens 
like living cells or fresh tissues. This is a 

major asset for a chemically selective 
(spectroscopic) imaging technique.

Does label-free spectroscopy produce 
better results for bioimaging than la-
beled methods, in terms of spatial 
resolution, and definition of compo-
sition of cells? What are the biggest 
advantages of label-free methods?
Confocal and multiphoton microscopy ap-
proaches are very powerful for investigating 
biological cells with subcellular resolution. 
They are supported by a mature and reli-
able technology, and the myriad of available 
fluorescent molecules allows one to collect 
loads of structural and functional cellular 
information. However, the use of labeled 
samples implies that those samples were 
somehow altered (chemically or geneti-
cally) and that the observation be restricted 
to “what” was labeled (such as an organ-
elle or protein). These drawbacks disappear 
with label-free methods, not to mention that 
sample preparation is drastically simplified.

You and your co-authors introduce a 
new methodology for hyperspectral 
cell imaging and segmentation, based 
on a simple, unsupervised workflow 
without any spectrum-to-spectrum 
phase retrieval computation, utilizing 
multiplex coherent anti-Stokes Raman 
scattering (MCARS) microspectros-
copy. Would you give our readers a 
basic explanation of this statement 
and share with us what inspired the 
development of this methodology?

MCARS is a microscopy technique based 
on spectral measurement, which is mature 
today (2), but generally requires a complex 
subsequent data processing step under 
the supervision of an expert. Yet it pro-
vides datasets that, in principle, should be 
computed by means of chemometric tools. 
In light of this, we focused our efforts on 
developing an algorithm to perform the 
unsupervised (“automated”) analysis of 
MCARS data. By combining MCARS tech-
nology with such automated data process-
ing, we could introduce a simple method 
for label-free cell imaging and segmenta-
tion, that we intend to be accessible to a 
broad range of users, especially from the 
biomedical field.

What is the meaning of hyperspec-
tral cell imaging versus basic cell  
imaging methods?
“Hyperspectral” means that the collected 
datasets contain a high number of spec-
tral channels (one thousand, typically).  
Comparatively, “basic” fluorescence imag-
ing uses one spectral channel per label or 
fluorophore, but spectral measurement is 
also possible (in this case, the word “basic” 
should be removed).

While, as you state, chemometric 
methods such as multivariate curve 
resolution (MCR) are widely used in 
spectroscopy-based data analysis, 
to date, MCR has never been applied 
to the analysis of MCARS hyperspec-
tral datasets. What is the advantage 
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of applying MCR, and why do you 
think MCR has not been applied and  
published before your work?
The main benefits are the unsupervised 
analysis, and the fact that output results 
are directly readable and interpretable 
by biologists, chemists, or physicists.  
Before our work, few studies reported 
on the use of other chemometric meth-
ods for processing coherent anti-Stokes 
Raman scattering (CARS) data in the con-
text of cell imaging. We believe that we 
could successfully apply MCR owing to 
the quality of our datasets, including the 
high spectral resolution.

What was the most surprising  
result in your work?
Rigorously, the assumptions behind MCR 
should make the method non-compatible 
with MCARS data. Nevertheless, we could 
demonstrate the validity of our work from 
the numerical point of view, and we are cur-
rently working on the theoretical aspects. 
As a precaution, we consider that our ap-

proach is qualitatively valid at the moment 
and that further investigations would con-
firm quantitative imaging. Anyhow, at the 
very beginning of this work, we were fairly 
surprised by the quality of the results ob-
tained, in terms of both spectral unmixing 
and chemically-selective imaging!

Were there any memorable limitations 
or challenges that you encountered 
in your work?
The study of 3D tissue samples is highly 
challenging because of the quantity of data 
to be processed. In that case, the required 
(random-access) memory–typically a few 
terabytes–can be a limitation, and subsam-
pling strategies need to be implemented.

Another challenge was to establish 
and keep an interdisciplinary approach in 
our work within a broad team, including 
cell biologists, computer scientists, and 
physicists. This type of approach, although 
in the era of time, is nevertheless some-
times tricky to handle (technical language,  
practices, objectives, and so forth).

Can you please summarize the feed-
back that you have received from other 
researchers regarding this work?
Actually, the feedback primarily came 
from biologists who would like to apply 
our method to their research field.  
This was expected following the scope 
of the journal in which we published our 
work (1). However, researchers from other 
fields, such as materials science and 
earth science, have also expressed their 
interest in our work.

What discoveries do you hope to 
realize using this method of cell 
imaging, and what do you think 
its impact will be in cell research  
and diagnostics?
We are now starting to use this label-free 
method to study the biological mecha-
nisms at the interface between living cells 
and calcium phosphate ceramic scaffolds, 
in the context of bone tissue engineer-
ing. We conduct this work in the frame 
of ∑-LIM laboratory of excellence (3).  
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Resolving Analytical Challenges in 
Pharmaceutical Process Monitoring 
Using Multivariate Analysis Methods: 
Applications in Process Understanding, 
Control, and Improvement

Multivariate analysis (MVA) refers to an as-
sortment of statistical tools developed to 
handle situations in which more than one 
variable is involved. MVA is indispensable 
for data interpretation and for extraction 
of meaningful data, especially from fast 
acquisition instruments and spectral imag-
ing techniques. This article reviews trends 
in the application of MVA to pharmaceuti-
cal manufacturing and control. The MVA 
models most commonly used in drug anal-
ysis are compared. The potential of MVA 
to resolve analytical challenges, such as 
overcoming matrix effects, extracting re-
liable data from dynamic matrices, cluster-
ing data into meaningful groups, removing 
noise from analytical response, resolving 
spectral overlaps, and providing simulta-
neous analysis of multiple components, 
are tackled with examples. Industrial appli-
cations of MVA capabilities are described, 
with special emphasis on process analyti-
cal technology (PAT) and how MVA can 
aid in process understanding and control. 
A scheme for selecting an MVA model ac-
cording to the available data and the re-
quired information is proposed. 

Faten Farouk, Rania M. Hathout, and Ehab F. Elkady

Modern pharmaceutical manu-
facturing involves the integration 
of analytical chemistry into criti-

cal steps of the manufacturing process for 
real-time monitoring and control. This inte-
gration is essential, especially in continuous 
manufacturing schemes, to ensure uniform 
product quality and process robustness, 
and to reduce manufacturing cost. The con-
tinuous monitoring required in a continuous 
manufacturing environment is challeng-
ing for conventional analytical methods.  
To resolve such challenges, instruments 
that allow fast and simultaneous capture of 
multiple data points are preferred, such as 
near infrared (NIR), Fourier transform infra-
red (FT-IR), and Raman spectroscopy; mass 
spectrometry (MS) and UV-visible (UV-vis) 
photodiode array detectors that capture 
multiple wavelengths are also commonly 
recruited. To interpret the complicated 
analytical signal of these tools, multivari-
ate regression analysis (MVA) is necessary. 

MVA refers to an assortment of statistical 
tools developed to handle situations in which 
more than one variable is involved (1–5).  
MVA can be applied to resolve numerous 

analytical challenges in the pharmaceutical 
industry, such as eliminating sample extrac-
tion steps during process monitoring, deter-
mining the drug substance in an unknown 
solution that is constantly changing or in a 
dynamic matrix, minimizing the impact of 
instrumental fluctuations, and enabling the 
simultaneous determination of more than 
one component in a certain matrix.

Selecting the appropriate MVA model 
has always been challenging task (2,3,6). 
In this review, the MVA models most com-
monly used in drug analysis are discussed 
and compared. A scheme for selecting a 
suitable MVA model is proposed (Figure 1).  
The available input data and the type of 
information required determine whether 
a supervised or unsupervised model, and 
which algorithm, should be used. Super-
vised models are those in which the data 
include input variables and an output vari-
able, and an algorithm is applied to learn 
the relationship between the variables and 
train the model to predict the output when 
new data are provided. Supervised models 
can be used for either regression or clus-
tering. Examples of supervised models are 

Spectroscopy papers have undergone a double-blind peer review process and are available on our open-access website.
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multiple linear regressions (MLR), classical 
least squares (CLS), partial least squares 
(PLS), artificial neural networks (ANNs), and 
locally weighted regression (LWR). Unsu-
pervised models are used when the avail-
able data are only the “X” input variables.  
They can be used for clustering and asso-
ciation. Examples of unsupervised models 
are principal component analysis (PCA)  
and hierarchical cluster analysis (HCA) (4,5). 

CLS and MLR are used for discrete mea-
surements, such as absorbance at certain 
wavelengths. CLS can determine multiple 
analytes even in the presence of interfer-
ing matrix components, but all spectrally 
active ingredients should be fully known 
and modeled during calibration (7). MLR 
is best applicable for determining a single 
analyte in the presence of specific matrix 
components. For MLR, calibration can be 
done by varying the single analyze con-
centration in the sample matrix, which al-
lows test samples to be directly analyzed 
without extraction (8). In both methods,  
irrelevant spectral information may affect 
the model prediction accuracy. 

In more complicated models where 
the analytical signal is a full range that 
may contain both relevant and irrel-
evant information, PLS can be applied.  
PLS finds the latent variables. These la-
tent variables relate to the largest covari-
ance between the signal and response 

matrices (9–11). In this context, PLS is 
considered another type of supervised 
learning. It’s worth mentioning that CLS 
is considered the first generation of the 
PLS method (12). ANN (13) and LWR (14) 
can work well in nonlinear models. 

The unsupervised multivariate methods 
are PCA and HCA. In both techniques, a 
correlation matrix (or sometimes a covari-
ant matrix) is usually computed between 
the different input x–variables (factors).  
In PCA particularly, the number of gener-
ated principal components is equivalent to 
the number of input variables. Importantly, 
the variation in the studied and investigated 
data and scale ranges is usually normal-
ized to an important statistical parameter, 
the unit variance (1/SD), prior to analysis  
(where SD is standard deviation). The cor-
relation matrix is utilized to determine the 
data principal components, which are 
actually the eigenvectors of the matrix. 
Accordingly, the computed eigenvectors 
are ranked according to their eigenvalues 
(scalar values) and consequently, the eigen-
vector (which is actually a geometrical direc-
tion) with the largest eigenvalue is selected 
as the main principal component, followed 
by the vector having the second eigenvalue 
in magnitude, and so on (15).

Similarly, HCA depends on the correla-
tion matrix to generate its specific den-
drogram (dendron means tree in Latin).  
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Both techniques help in clustering the 
data into meaningful groups for pattern  
recognition applications (12).

When information is scarce—a situa-
tion usually encountered in the early stages 
of screening—unsupervised methods, 
such as HCA and PCA, are preferred.  
In the later stages of screening, supervised 
methods such as MLR, PLS, and ANN are 
often used to predict specific sample prop-
erties while still using the former methods 
to detect similarities and dissimilarities in 
the data (16). A comparison of MVA tech-
niques discussed in this paper, in terms of 
advantages and limitations, is presented in  
Table I (online). Examples of situations where 
MVA is analytically useful are discussed.

Eliminating Sample  
Extraction and Preparation
Eliminating sample extraction steps is 
necessary in many situations, such as for 
online, inline, or atline analysis. This would 
imply recruiting MVA for extracting relevant 
information from the captured data where 
the analytical signal contains information 
from the analyte of interest as well as other 
interfering materials. 

Tablet monitoring using hyperspectral 
imaging (HSI) is an example of such an ap-

plication (17). HSI is a nondestructive and 
fast analysis option that gives information 
about tablet component homogeneity and 
distribution as well as the presence of impu-
rities (18–20). It works by simultaneous ac-
quisition of spatial and spectroscopic data 
from a sample and gathering them into an 
HSI data cube where the x- and y- axes con-
tain the spatial information while the z-axis 
contains the spectral information. Collected 
data are then processed to correct baseline 
drifts, spectral overlap, and multiplicative 
scattering; then, the region of interest (ROI) 
that best represents the analyte of interest 
is chosen with the aid of MVA models such 
as PCA. Following the identification of the 
ROI, a quantitative model can be generated 
either in univariate or multivariate mode. 

Another application of MVA in chemical 
imaging is in the detection of counterfeit 
pharmaceuticals. The following techniques 
were applied for the detection of counterfeit 
Viagra tablets: Raman microscopy imaging 
for data acquisition, PCA for determination 
of the ROI, and K–nearest neighbor (KNN) 
for data classification. KNN is considered a 
basic classification technique. It is a super-
vised learning model that has great applica-
tion in classification and pattern recognition. 
KNN functions by determining the Euclidian 

distances (the square root of the sum of the 
square differences) between the test sample 
and the standards available in the training 
set. It determines the K number of points 
that is closest to the test data. The test is 
identified based on the group to which the 
majority of the K objects belong (21). 

Another example of the use of MVA is 
seen in HSI of the UV region from 225 to 
400 nm for the determination of ibuprofen, 
acetylsalicylic acid, and paracetamol in tab-
lets. The collected data were deconvoluted 
by PCA (22). 

Monitoring the content and spatial 
distribution of salicylic acid in film tablets 
using FT-Raman mapping coupled to mul-
tivariate curve resolution (MCR) has also 
been described. The MCR assumes that 
the spectral response is a linear combina-
tion of the spectra of the pure components 
in the system. The model decomposes 
the instrumental response to the individual 
spectra and gives distribution maps of the 
components in the spectral image. In this 
study, pure spectra of salicylic acid and the 
other excipients were individually collected. 
FT-Raman mapping spectra were collected 
as 16 sample points from the flattened tab-
let surfaces over an area of 3000 × 3000  µm 
with a step size of 1000 × 1000 µm2. The ROI 
was selected based on the characteristic 
peak for salicylic acid and a salicylic acid 
distribution map was generated in which 
the active pharmaceutical ingredient (API) 
was located and the API concentration is 
represented by color intensity. Quantita-
tion of the API content was performed by 
averaging the Raman intensity at 1635 cm−1 
(the characteristic peak for salicylic acid)  
as collected from the 16 data points (23). 

The solid state transitions of the API and 
excipients can be assessed by HSI. An ex-
ample is the assessment of piroxicam and 
lactose dehydration on the surface of a tab-
let using NIR-based HSI using MCR–alter-
nating least squares (ALS) and parallel factor 
analysis (PARAFAC) (24). 

Another example is the application of 
fiber-array–based Raman HSI for the simul-
taneous, chemically selective monitoring of 
particle size and shape of pharmaceutical 
ingredients—acetylsalicylic acid, acetamin-
ophen and caffeine—in analgesic tablets 
(Figure 2) (25). 
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Monitoring blending and analyzing blend components is another 
analytical challenge that must be performed without extraction in 
continuous manufacturing. An example is the atline analysis of API 
in powder blends using FT–NIR where the analytical signal was cap-
tured in the range of 4000 to 12,500 cm−1. PLS was used to determine 
the latent variables that represent the covariance between spectral 
signal and the amount of API in sample (26). Another example is the 
determination of hydrochlorothiazide in powder blends by the use 
of NIR adjunct to PLS. The NIR spectra were recorded for powdered 
samples in the range of 100 to 2500 nm from which the region 640 to 
1780 nm was chosen for the determination. A calibration curve was 
computed on laboratory-prepared powder blend samples in which 
additives were included. The procedures were accurately applied to 
test samples with no sample extraction or preparation (27). 

Reducing the consumption of organic solvents is an important 
benefit of eliminating sample extraction. An example of this concept 
is the use of thermogravimetric analysis (TGA) for the direct quantita-
tion of ascorbic acid in an effervescent dosage form. In the reported 
method, a calibration set was prepared using a series of different 
ascorbic acid concentrations in the presence of additives. The ana-
lytical response used was TGA measured at two temperatures for 
MLR modeling. A relationship was constructed between the ascorbic 
acid concentration and the TGA measurement at the two selected 
temperatures in the presence of additives. The method was validated 
and successfully applied to the determination of ascorbic acid in the 
dosage form. The method enabled direct analysis of ascorbic acid 
with no sample pretreatment steps, which reduces the volume of 
solvents and waste compared to other analytical procedures (28).

Determination of Drug Substance in an Unknown, 
Constantly Changing, or Dynamic Matrix
The components of a sample change frequently and rapidly during 
drug manufacturing. Continuous monitoring implies fast analysis 
to cope with the product evolution and minimizing the effect of 
variability in the sample components. 

NIR is very valuable in this respect. It offers a very fast spectral 
acquisition method that can be applied for consistent analysis of 
blend uniformity or monitoring of the dissolution profile using MVA 
(such as PLS) for data interpretation (26,29). Similarly MVA can be ap-
plied to the monitoring of extraction processes (30) and completion 
of chemical reactions (31). 

Minimizing the Impact of Instrumental Fluctuation,  
Inconsistency, Noise, Irrelevant Data, and Response Overlap
Proper application of an MVA model can correct for instru-
mental fluctuation and noise by extracting only relevant in-
formation. It can also model (qualitatively or quantitatively) 
spectral data containing overlapped signals. This capability 
enables the use for previously abandoned analytical tools for 
quantitative applications. 

In this context, X-ray diffraction (XRD) is the most popular tool for 
polymorphic state assessment. It is a noncontact, nondestructive in-
spection technique; however its quantitative application is hindered 
by the high probability of error because of sample heterogeneity or 

improper crystal orientation on sampling (28,32). Such obstacles can 
be overcome by using MVA. A very good example was presented 
by Otsuka and colleagues where PCA was used to extract four PCs 
from the XRD measurement that best represent the hydrate content 
in theophyllin powder. The method was successfully applied to the 
determination of theophylline monohydrate in theophylline anhy-
dride bulk substance (33). Other examples are presented in other 
studies (33,34). Another example is the use of FT-IR for estimation 
of crystalline purity of cimetidin using PCA for data refinement (35). 

In this context it is very important to mention prediction-aug-
mented CLS (PACLS), which is a CLS modification that adds possible 
spectral variation to the CLS calibration model. Such modification 
allows identification and removal of spectral variation resulting from 
a spectrally active component or instrument fluctuation and drifts 
that were not introduced during model development. The model 
enables method transfer between different instruments (36,37). 

Selecting the Derivative of a Therapeutic Molecule 
with the Highest Loading on a Nanocarrier
The differences in results between two natural molecules for the 
treatment of Alzheimer’s disease (curcumin and bisdemethoxycur-
cumin) were investigated. The difference between these two mol-
ecules in terms of their behavior in the biopharmaceutical formula-
tion (loading on poly [lactic-co-glycolic acid] [PLGA] nanoparticles) 
and their therapeutic levels (interaction with certain receptors) were 
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attributed to differences in their main con-
stitutional, electronic, and physicochemical 
descriptors (38,39). Five or more hypothe-
sized molecules were introduced and their 
corresponding descriptors were calculated 
(40). Because the number of descriptors was 
actually six (more than two dimensions),  
a multivariate statistics method, PCA, was 
used to analyze the results and cluster the 
investigated molecules, according to their 
descriptors, into meaningful groups (41,42). 
Interestingly, the docking behavior of the 
clustered hypothesized molecules with 
curcumin was very close to that of the par-
ent compound on all of the investigated 
macromolecules and receptors. Thus, PCA 

helped address the analytical and manu-
facturing challenge of determining which of 
the of the chemical derivatives achieved the 
highest load on the investigated nanocarrier  
(the PLGA nanoparticles). 

Simultaneous Determination of More 
than One Component in a Matrix
MVA is useful for resolving spectra of in-
terfering analytes—extracting selective 
information from unselective data. CLS is 
especially important in resolving spectral 
overlaps where during the model devel-
opment the individual spectrum of each 
component is input into the system to 
determine its absorptivity. An example 

is the simultaneous determination of the 
spectrally overlapping lamivudine and 
stavudine (43). Similarly, trimethoprim and 
sulfamethoxasole were simultaneously de-
termined in an animal bolus preparation 
without an initial separation step despite 
their overlapping spectra (44). Another im-
portant MVA model for multicomponent 
analysis is PLS. An example is the simultane-
ous determination of spectrally overlapping 
analytes using NIR coupled to PLS without  
sample pretreatment (45,46).

Handling Nonlinearity  
in an Analytical Method
LWR and ANN are commonly used to re-
solve nonlinearity in measurement. In LWR 
models, a large database of samples is 
used containing variable amounts of the 
analyte of interest. On the analysis of a 
new sample, a higher weight is given to 
database samples close to the analyzed 
one to create a modified calibration curve. 
Adjunct to LWR, PLS can be used to extract 
the most relevant region in the spectra 
that best represent the analyte of interest;  
this reduces spectral noise and irrelevant 
data in the spectra. An example is the anal-
ysis of ibuprofen and magnesium stearate 
during monitoring of cleaning procedures 
(47). Another example is the use of LWR–
PLS to handle nonlinearity in NIR measure-
ments during determination of API content 
in granules for tableting (48).

Another application is the simultaneous 
determination of rifampicin and isoniazide 
by continuous–flow chemiluminescence 
(CL) using N–bromo succinic acid (NBS) as 
a reagent and ANN for data deconvolu-
tion (49). Rifampicin degrades in alkaline 
medium, affecting its reaction with NBS 
and the resulting CL intensity, but this is 
not the case for isoniazide. This variation 
in the reaction kinetics of the two drugs 
that can be harnessed for their simultane-
ous analysis, provided proper data man-
agement. Meanwhile, both compounds 
react with each other, resulting in CL non-
linearity. For their simultaneous analysis, 
alkaline solutions of both drugs were 
pumped into the CL system and merged 
with NBS for the reaction to take place. 
The CL emission was measured over 300 
s with a 1 s interval. PCA was used to se-
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lect the PC that represented the concen-
tration of both components and the PC 
information was used as an input into the 
ANN model to improve its performance.  
For the ANN model, optimum perfor-
mance was obtained when the input 
nodes were 20, the iterations were 6000, 
which represents 20 samples each mea-
sured at 300 s (20 x 300), the hidden 
nodes were 22, and the output was 2 to 
represent the two active ingredients (49). 

Extracting Useful Information from  
Complex and Overlapping Spectra 
of Commonly Used PAT Tools
Process analytical technology (PAT) is a sys-
tem for designing, analyzing, and control-
ling manufacturing through timely measure-
ments of critical quality attributes (CQA) 
and critical performance attributes (CPA) of 
raw and in-process materials and processes 
with the goal of ensuring final product qual-
ity (50). In other words, it is the integration of 
analytical chemistry into critical steps of a 
pharmaceutical process for real-time moni-
toring and control. This integration is essen-
tial, especially in continuous manufacturing 
schemes, to ensure uniform product quality 
as well as process robustness, and to reduce 
manufacturing cost.

To achieve real-time monitoring and 
control, PAT tools are recruited. These are 
process analyzers (sensors) enabling real-
time or nearly real-time analysis. A proper 
PAT tool should be nondestructive, non-
invasive, not require sample withdrawal or 
contact, and provide fast data acquisition. 
Ideally handheld instruments and those 
connected to a probe (inline accessory)  
are preferable (50). 

MVA is used with PAT tools to extract 
useful information from overlapping and 
complex spectra, analyze multiple com-
ponents, generate robust data in a con-
tinuously changing and dynamic matrix,  
and handle signal nonlinearity and cor-
relating CPPs affecting the process. The 
combination of MVA with PAT tools en-
ables adequate process understanding 
and control. Examples of PAT tools are 
FT-IR, NIR, and Raman spectroscopy and 
other whole-spectrum acquisition instru-
ments. Table II (online) includes examples 
of such applications. 

The use of an immersion probe attenu-
ated total reflectance FT-IR (ATR-FT-IR) 
instrument was presented to monitor the 
production of sulphathiazole and assess its 
polymorphic state. The methods were ca-
pable of quantifying sulfathiazole product 
in the range of 0–30 g and predicting the 
predominant sulphathiazole polymorphs. 
In both applications PLS was used to pro-
cess data (51). Similarly, probe-based ATR-
FT-IR spectroscopy was used to monitor 

a Curtius rearrangement reaction (52).  
Other examples of recruiting FT-IR for in-
line monitoring are the flow FT-IR cells sug-
gested by Ley and coworkers (53–56). 

NIR is a superior PAT tool. It is the most 
widely used tool for PAT because it allows 
fast data acquisition through transparent 
glass, plastic containers, or (most commonly) 
through a probe, with acceptable accuracy. 
NIR radiation can penetrate deep into the 
sample, allowing extraction of chemical 

www.witec.deRaman  •  AFM  •  SNOM  •  RISE

3D Raman image of a pharmaceutical ointment.

speed
sensitivity

ressooluution

Let your discoveries lead the scientifi c future. Like no 
other system, WITec’s confocal 3D Raman microscopes 
allow for cutting-edge chemical imaging and correlative 
microscopy with AFM, SNOM, SEM or Profi lometry. 
Discuss your ideas with us at info@witec.de.

MADE IN GERMANY

3D Raman3D Raman3D Raman3D Raman3D Raman3D Raman3D Raman Imaging Imaging Imaging Imaging
Turn ideas into Turn ideas into discoveries

http://www.witec.de
mailto:info@witec.de
http://www.witec.de


28  Spectroscopy 38(3)   March 2023 www.spectroscopyonline.com

PEER-REVIEWED RESEARCH

and physical information (57,58). The analy-
sis is nondestructive and thus will not affect 
final product yield and also will not require 
a break in the production line for sampling 
(59). Both NIR imaging and spectroscopy are 
described in literature. However, 2D imaging 
data are inadequate for monitoring deep 
and dynamic events such as blend unifor-
mity. In such cases the use of NIR probes will 
be superior, provided proper placement for 
full data acquisition (60).

Immersion-probe based NIR has been 
described for inline monitoring of amino 
acid concentration during hydrolysis of the 
traditional Chinese medicine Cornu Bubali 
using PLS for data processing (61). Similarly, 
in an other example, NIR was used to moni-
tor total solid, paeoniflorin, and benzoic acid 
during red peony extraction using a PLS re-
gression model (62). In another case, analy-
sis of the chromatographic purification of 
crude heparin was described, employing 
NIR monitoring augmented with PLS to 
select the variable (signal) representing the 
heparin content (63). 

In another case, a probe-based NIR sys-
tem placed at the tablet feed frame was 
used to monitor API and excipients during 
tablet preparation. The spectral data were 
processed by PLS to give information about 
powder uniformity (64). A similar application 
was the real-time determination of acet-
aminophen in a powder blend and tablets 
during tablet production (65). Likewise, an 
inline NIR spectroscopic method for con-
tinuous blend potency determination in the 
feed frame of a tablet press was reported 
using sodium saccharine as a model active 
ingredient. In this method the NIR probe 
was implemented in the feed frame of the 
rotary tablet press. A PLS model was used 
for data analysis (66). 

NIR was found to be a successful PAT tool 
for inline monitoring of a tablet coating using 
PLS. A fixed-dose tablet of glimepride and 
metformin was used as an example, where 
metformin constitutes the tablet core and 
glimepride exists in the tablet coating. Inline 
NIR determination of glimepride enabled 
confirmation of complete coating and 
identification of the appropriate coating 
time, which further improved the pharma-
ceutical process. The process is illustrated 
in Figure 3 (67). 

The use of FT and dispersive NIR in-
struments to handle continuous process 
changes such as variation in powder flow 
rate have been compared (68). In this ex-
periment a reflectance NIR probe was 
connected to FT and dispersive instru-
ments. PLS was used for data processing 
in both cases. The FT-NIR system showed 
greater sensitivity and selectivity than the  
dispersive instrument (68).

Raman spectroscopy is another nonde-
structive optical tool, with molecular fin-
gerprinting capabilities that enables its ap-
plication in process monitoring. It has been 
described for inline Knoevenagel conden-
sation reaction monitoring for entacapone 
formation using PCA as the associated MVA 
model. The combination of Raman spectros-
copy and PCA enabled faster identification 
of a reaction end point (69). Determination 
of minerals in whole tablets has also been 
described, where Raman spectroscopy was 
coupled to PLS (70). This technique has also 
been used for the assessment of dapivirine 
in vaginal rings (71).

Light–induced fluorescence (LIF) is an-
other emerging PAT tool, and its high sensi-
tivity enables its use for monitoring APIs at 
very low concentrations. In one example, LIF 
was mounted using a fiber optic probe into 
a V–blender. Adjunct to PLS, LIF was able 
to monitor blend uniformity and accurately 
determine API content (57). 

Handling Process  
Variability and a Constantly  
Changing, Dynamic Matrix 
Changes in process variables, such as pow-
der rheology, flow rate, and process tem-
perature, may affect beam scattering and 
thus pose a spectral challenges for PAT tools 
(72,73). Also, physical properties of measured 
samples, such as particle size and shape and 
sample density and compactness may affect 
the analytical performance of PAT tools (74). 

MVA can be used to correct the influence 
of process variables on accuracy of analyti-
cal data (Table III, online) (74,75). An example 
is handling the effect of temperature on 
the accuracy of acquired spectra. This cor-
rection can be achieved by augmenting a 
calibration model to handle temperature-
induced variations, as seen in tempera-
ture-augmented CLS models (76) and an 

augmented PLS model (77). An alternative 
approach is the MVA-assisted selection of 
a temperature-insensitive variable in the 
analytical response (78).

Similar to correcting the effect of powder 
segregation on the accuracy of NIR spectra, 
inline collection was performed of 500 spec-
tra of a melt extrude, from which 300 were 
chosen by the PCA model to represent the 
API content in the melt (79). 

Optical path changes may include a 
change in particle size and sample density, 
resulting in multiplicative light scattering that 
in turn affects spectral data reliability. In one 
example changes in the optical path were 
corrected by optical pathlength estimation 
and correction algorithms. The model was 
applied to correcting NIR spectrum in the 
presence of variable particles that induced 
beam scattering (80). Examples also can be 
found in another study (81).

Beside MVA, proper placement of PAT 
tools has been suggested as a solution (72). 
Other researchers have developed statistical 
models to correct for such signal effects (82). 
The use of two calibration models has been 
suggested. The first is a coarse model work-
ing over a wide concentration and param-
eter range throughout a dynamic process 
(such as blending). The second is a “local” 
model with fine concentration prediction 
for a specific stage of blending (58). A recent 
study applying Raman spectroscopy to in-
line monitoring of mammalian cell culture 
production proposed optimizing the Raman 
acquisition time and including multiple 
batches in calibrating the model. This was 
done because acquisition time and batch-
related variabilities may affect the integrity 
of the spectral results (83).

Enhancing Process  
Understanding and Control
Process understanding helps identify criti-
cal points and aspects of a manufacturing 
process, reducing efforts in process devel-
opment and scale-up. Figure 4 illustrates a 
PAT application that reduced the critical-
ity of numerous parameters in a blending 
process (82). Previously, all the CPPs were 
considered critical to achieve adequate 
manufacturing. On applying PAT, an NIR 
probe was mounted to monitor blend 
uniformity (the CQA). Mixing speed was 
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identified as the CPP that needed to be adjusted to achieve the 
desired CQA (82). 

In another case, PAT enabled understanding the CPPs affecting 
production of transdermal glimepride liposomal films. Plackett–Bur-
man screening design was applied to quantify the impact of each 
process variable on the final CQA of the product. MLR was used to 
correlate CPPs to the CQA (59). 

An NIR probe mounted inline was employed to understand CPPs 
affecting the hot melt extrusion (HME) of vegetable calcium stearate 
as a matrix carrier and paracetamol as the API using PLS for NIR 
data interpretation. The results demonstrated that the screw design 
was the predominant factor affecting uniformity of the preparation,  
followed by the effect of multiple feeders; the screw speed was 
shown to not be influential (79). 

Process control is another benefit associated with MVA. A clear 
example of process control is given in the example of a HME process 
as part of a continuous solid dosage form production process (84).  
Extrusion is forcing molten material through a die under pressure.  
The extrudate leaves the die at high temperature and meets 
chilled rolls, causing its temperature to fall below its glass-
transition temperature, leading the extrudate to form brittle 
glass sheets that are then ground down into smaller flakes 
for milling followed by blending, addition of excipients, lubri-
cation, and compression into a final product. The HME pro-
cess combines multiple steps (mixing, melting, degassing,  
and densification).

In this example FT-NIR spectroscopy was used to monitor form 
change, assay, and uniformity of the mixed substance (all CQAs) where 
the CPPs included temperature, mixing, and feed rate. If CQAs are not 
met, immediate automated discard of out -of-specification material oc-
curs. Then the necessary CPPs are adjusted. This is controlled through 
a MVA model. If the same process had only monitored by final prod-
uct inspection, all subsequent stages after the HME would have been 
completed, requiring that an entire batch of defective final product  
be discarded (84).

In another example, PAT was applied to evaluate and con-
trol a twin-screw HME process for continuous production of 
tamper–resistant tablets (85). NIR probes were used to moni-
tor content uniformity assisted by PLS for data interpretation.  
Other CQAs were also monitored, as shown in Table IV (online). 
These data were used to control the process by changing CPPs 
such as barrel temperature or by diverting defective samples from 
the production line (85). Other important PAT chemometric mod-
els such as multivariate image analysis are described in detail in  
the literature (86). 

Conclusions
A plethora of MVA algorithms exist. They encompass linear as well as 
nonlinear analytical models. Collectively, they represent a solution to 
many analytical challenges that encountered during pharmaceutical 
manufacturing. The application of MVA can reduce the cost and 
environmental hazards of sample preparation and organic solvent 
usage. A proposed scheme for selecting the optimal MVA model 
is provided (Figure 1).

MVA offers reduction of sample pretreatment and screening 
steps and allows the use of nondestructive analytical tools. It en-
ables prediction and determination in nonlinear relationships, clus-
tering into meaningful groups, accurate determination in multi-
component samples, removal of instrumental noise, simultaneous 
determination of many analytes, and processing of overlapping 
spectra. Additionally, MVA can relate different CQAs with differ-
ent CPPs and material parameters and allow adequate process 
understanding and real-time process adjustment and control. 
These attributes and capabilities make MVA a perfect match for 
PAT tools for the development and monitoring of pharmaceutical 
production processes.
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Efficient Discrimination of  
Some Moss Species by  
Fourier Transform Infrared  
Spectroscopy and Chemometrics

Fourier-transform infrared (FT-IR) 
spectroscopy with the attenuated 
total reflectance (ATR) technique was 
used to classify 14 samples (11 species) 
from three moss families (Mielichhofe-
riaceae, Bryaceae, and Mniaceae).  
The FT-IR spectra ranging from 4000 cm−1 
to 650 cm−1 of the 14 samples were ob-
tained. To group the spectra according 
to their spectral similarity in a dendro-
gram, cluster analysis and principal 
component analysis (PCA) were per-
formed. Cluster analysis combined with 
PCA was used to give a rough result of 
classification among the moss samples. 
However, some species belonging to 
the same genus exhibited very simi-
lar chemical components and similar 
FT-IR spectra. Discrete wavelet trans-
form (DWT) was used to enhance the 
differences among species with similar 
chemical components and FT-IR spec-
tra. Three scales were selected as the 
feature-extracting space in the DWT 
domain. Results showed that FT-IR 
spectroscopy combined with chemo-
metrics was suitable for a systematic 
research classification of bryophytes. 

Zhen Cao, Zhenjie Wang, De Gao, Yongying Liu, Dongmei Xu, and Peng Xu

Bryophytes (the traditional 
name for any seedless plant) 
are found everywhere in the world 

except for in the sea, with many species 
having broad geographical locations that 
span several continents. With over 12,000 
species recognized worldwide, the bryo-
phytic subset of mosses are one of the 
world richest nonvascular land plants (1). 
Mosses are usually concentrated in groups 
and occur in loose tufts. While a minority 
of bryophytes are annuals, the large major-
ity of them are perennials. The lack of true 
veins have restricted the size of mosses 
to only a few inches in height. The per-
sistent photosynthetic phase of the moss 
life cycle is the gametophyte generation.  
Spores are released from a sporophyte 
capsule at certain times. Moss stems are 
prostrate or suberect and moss leaves 
commonly exhibit a spiral phyllotaxy or 
distichous and tristichous arrangements, 
while moss rhizoids are often branched (2).

As in most groups of plants, moss spe-
cies are typically defined morphologically. 
Mosses show extensive morphological 
and anatomical diversification in both 
gametophyte and sporophyte organiza-
tions (2). The taxonomic and phylogenetic 
relationships among the families of Mieli-

chhoferiaceae, Bryaceae, and Mniaceae 
have given rise to much controversy in re-
cent years (3). Studies using nuclear, plas-
tid, and mitochondrial sequences showed 
that many genera of Mielichhoferioideae 
and Bryaceae are polyphyletic. For in-
stance, some species of the genus Pohlia, 
clearly belong to Mniaceae rather than 
Bryaceae (4–7). In addition, some mosses 
among the three families are known for 
their medicinal properties, for instance,  
Rhodobryum roseum has long been used 
as medical plants. Rhodobryum roseum 
extractives, such as ursolic acid, flavonoids, 
and alkaloids, have been used in cardiac 
study, and the extracts are more frequently 
used in medical research (8). 

Using traditional phytotaxonomic meth-
ods, many species of Mielichhoferioideae 
and Bryaceae have been distinguished by 
minor differences in the gametophyte, 
peristome, and asexual structures, which 
are quite difficult to be differentiated. Fou-
rier-transform infrared (FT-IR) spectroscopy 
is an alternative method for species differ-
entiation. FT-IR has already been used to 
identify medicinal plants, bacteria, fungi, 
and other microorganism (9–14). Although 
FT-IR spectroscopy has made a significant 
contribution to plant classification, reports 
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on moss taxonomy using FT-IR are still rare. 
In this study, our aim is to differentiate the 
circumscription of the Mielichhoferiaceae, 
Bryaceae, and Mniaceae families, so as to 
provide basis for the development of a 
classification system for bryophytes. 

FT-IR is an original spectroscopic tech-
nique used to differentiate between spe-
cies (15,16). The FT-IR spectrum of a com-
pound can express a unique “fingerprint,” 
which enables FT-IR spectroscopy to be 
used in the classification of different sam-
ples or identification of unknown samples 
(17). However, in many practical problems, 
judgments cannot be quickly and ac-
curately made by purely relying on FT-IR 
spectroscopy analysis (18). Chemometric 
methods combined with FT-IR spectros-
copy can compensate for the errors inher-
ent in a single FT-IR spectral analysis (19).

To classify the spectra, different 
multivariate methods, such as cluster 
analysis (CLA) and principal compo-
nent analysis (PCA) were applied (20).  
CLA and PCA are two multivariate anal-
ysis techniques useful for FT-IR spec-
trum analysis (21). CLA and PCA can be 
used to identify natural clustering pat-
terns and groups of samples based on 
spectral similarities among the samples. 
CLA and PCA are widely recognized as 
powerful tools in obtaining information 
about spectral relationships within a 
dataset (22). To classify and compare 
the spectra of species from different 
genera, FT-IR spectra combined with 
multivariate methods are necessary.

Wavelet transform (WT) is another use-
ful tool that can be used for a variety of 
signal processing applications. WT was 
developed to enhance the discrimina-
tion of variable signals having different 
frequency features (23). WT allows greater 
information to be extracted from spectral 
signals, and the resulting WT coefficients 
can be considered to be the key charac-
teristics of a spectrum signal. Therefore, 
a few features can be used to represent 
the major spectral information following a 
wavelet function transformation. WT can 
be considered as one of the most useful 
and efficient chemometric methods (24).

Discrete WT (DWT) is used to decom-
pose a signal by using filters to extract 
interesting frequency resolution com-
ponents within the signal. DWT pos-
sesses compact support in both time 
and frequency domains (25). It is a sig-
nal-processing tool that is used in many 
engineering, scientific, and mathematical 
applications. DWT is used to analyze the 
signal at different frequency bands with 
different resolutions by decomposing 
the signal into a coarse approximation 
and also detailed information (26).

DWT originated from the discretization 
of continuous WT (CWT), and the common 
discretization is dyadic. CWT is provided by:

Xwt (τ,s) =       ʃ x (t)Ψ *(        )dt1
|s| –∞

∞
t – τ

s [1]

where X(t) is the signal to be analyzed 
and Ψ*(t) is the mother wavelet or the 

basis function. All of the wavelet func-
tions used in the transformation are de-
rived from the mother wavelet through 
translation and scaling. 

In CWT, the signals are analyzed using a 
set of basic functions, which are related to 
each other by simple scaling and transla-
tion. In the case of DWT, a time-scale rep-
resentation of the digital signal is obtained 
using digital filtering techniques. The DWT 
is derived from the discretization of CWT 
( τ, s) and the most common discretization 
is dyadic. 

DWT is provided by:

Xdwt ( j,k) =        ʃ x (t)  *  (           )1
2 j

–∞

∞
t – 2 j k

2 j
[2]

 
where τ and s are replaced by 2j and 2jk. 
The DWT is computed by successive low-
pass and high-pass filtering of the discrete 
time-domain signal. This computation is 
called the Mallat algorithm or Mallat-tree 
decomposition. Its significance is in the 
manner it connects the continuous-time 
multiresolution to discrete-time filters. 
With this approach, the time resolution 
becomes arbitrarily good at high frequen-
cies, whereas the frequency resolution be-
comes arbitrarily good at low frequencies.

In this study, the classification of 14 
samples of mosses (11 species) was 
studied. The present study aimed to 
evaluate the potential use of FT-IR spec-
troscopy combined with CLA and PCA 
to differentiate between the 14 samples 
of mosses (11 species). DWT was used 

TABLE II: FT-IR absorption value and the wave number of the characteristic common peaks representing precision, 
stability, and repeatability test results of Rhodobryum roseum.

Peak 
No.

Absorbance Value Wavenumber

Mean (RSD %) Mean (RSD %)

Precision test Repeatability test Stability test Precision test Repeatability test Stability test

1 0.072 (0.35) 0.070 (2.36) 0.072 (0.86) 3322.96 (0.02) 3319.76 (0.58) 3323.18 (0.04)

2 0.050 (1.45) 0.050 (3.37) 0.052 (1.75) 2918.65 (0.02) 2919.89 (0.19) 2929.24 (0.06)

3 0.036 (1.07) 0.036 (4.14) 0.037 (2.50) 2850.36 (0.01) 2850.22 (0.18) 2851.19 (0.06)

4 0.061 (0.44) 0.060 (2.49) 0.062 (1.11) 1614.22 (0.04) 1613.35 (0.37) 1614.51 (0.12)

5 0.051 (0.73) 0.051 (2.60) 0.052 (1.24) 1417.16 (0.03) 1418.30 (0.39) 1417.82 (0.15)

6 0.054 (0.55) 0.053 (2.24) 0.055 (1.13) 1242.85 (0.06) 1246.14 (0.44) 1243.21 (0.16)

7 0.157 (0.17) 0.156 (1.44) 0.159 (0.42) 1024.91 (0.04) 1025.47 (0.56) 1025.63 (0.21)

Precision test (n = 5), Repeatability test (n = 5), Stability test (n = 5: the same sample solution was analyzed at 0, 4, 8, 16, and 24 h  
after preparation)
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to investigate the chemical fingerprint 
variability among the species.

Materials and Methods
Materials
14 samples of mosses (11 species) were 
collected from three different sites.  
Four samples were collected from Sichuan 
Province and ten samples were collected 
from Hebei Province, China, in August 
2016. The geographic coordinates and alti-
tudes of the sites of the samples are shown 
in Table I (online). The environmental con-
ditions and population sizes of the sample 
plants were similar. The voucher specimens 
were deposited in the Herbarium of Hebei 
Normal University.

To avoid problems caused by the influ-
ence of water on FT-IR spectra, a vacuum 
freeze drying machine (FD-1) was used for 
freeze drying. The condensation tempera-
ture was -52 ºC and the vacuum was 5 Pa. 
All samples were dried and ground into 
a fine powder using an agate mortar and 
sieved through a 200 mesh screen (75 μm). 

Spectral Measurements
The FT-IR spectra (ranging from 4000 
cm−1 to 650 cm−1, 4 cm−1 resolution, 32 
scans) were obtained with a ZnSe attenu-
ated total reflectance (ATR) accessory  
(PIKE Technologies MIRacle) combined 
with an FT-IR spectrometer Bruker Op-
tics Vertex70 equipped with a DigiTect 
detector that can prevent external sig-
nal disturbance and provide the highest 
signal-to-noise ratio. After grinding, 6 mg 
of each powdered sample was directly 
placed about 2.54 mm2 on the center of 
the ZnSe crystal plate. All samples were 
pressed using the same mechanical pres-
sure, and the FT-IR spectra was obtained. 
The FT-IR spectra of the 14 samples  
(11 species) of mosses were automatically 
baseline corrected. Each of the species 
sample was measured three times and 
the averaged spectrum was obtained 
for further analysis. Baseline and mean-
centering correction were used to remove 
sources of variability.

Precision, Repeatability, and Stability Test
Sample S8 (Rhodobryum roseum) was 
used to validate the method. The preci-

sion test was conducted using repli-
cate records (5×) of the same sample.  
The repeatability test was analyzed by 
gathering the data of five independently 
prepared samples of the same species. 
The stability test was determined by five 
records of one sample solution during 24 h. 
The mean value relative standard devia-
tion (RSD) of the absorbance and wave-
number for common peaks for each test  
was calculated.

Data Analysis
The FT-IR spectra of the samples were re-
corded and found to be within the range of 
4000 to 650 cm−1. Spectral data were cal-
culated with the use of OPUS version 6.5 
software (Bruker). CLA and PCA were per-
formed using R ver. 3.6.1 (<www.r-project.
org>). Cluster analysis is an undirected and 
unbiased statistical method that is used to 
analyze spectroscopic information (27). 
Cluster analysis is also used to sort the 

http://www.leco.com
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FT-IR spectra into similar sets or groups. 
Satisfactory results using FT-IR spectra of 
complex biological molecules have been 
obtained using Ward’s algorithm, Euclid-
ean distances, or correlation coefficient 
calculation as distance metrics (28,29).  
In the present study, 14 samples (11 spe-
cies) of mosses are selected for clustering. 
We chose 12 absorption peaks in the range 
of 4000 to 650 cm−1 for cluster analysis.  
The Euclidean distance, within-groups link-
age and Pearson correlation were used to 
construct the circle dendrogram. 

PCA is a multivariate statistical data 
reduction method that transforms an 

original set of variables into a new set of 
uncorrelated variables called principal com-
ponents (PCs) (30). PCA also provides infor-
mation on the major spectral components,  
wherein dominant factors determine dif-
ferences among samples (31,32). PCA is 
used to extract the important features of a 
correlation matrix in terms of PCs. Only a 
few PCs are usually required to explain the 
majority of observed variance. PCA can be 
used as a chemometric method for FT-IR 
analysis. The analysis can be presented as 
either two-dimensional (2D, two PCs) or 
three-dimensional (3D, three PCs) scatter  
plots (33). In this study, the selected absorp-

tion peaks were used for PCA, and the fac-
tor loading was plotted.

DWT can solve numerous difficult 
problems that the Fourier transform can-
not. Hence, DWT is also known as the 
“math microscope.” DWT was performed 
using MATLAB 7.1 software. Daubechies 
wavelet has better exploration ability for 
signal singularity, which served as the pre-
ferred analysis wavelet (34). One-dimen-
sional stationary DWT was performed on 
different samples.

Results and Discussion
Validation of the Method
Precision Test
The precision test was conducted by ob-
taining replicate measurements of the 
same sample (S8) for five times within an 
hour. The RSD of the FT-IR absorbance 
value of the common peaks were ≤1.45%. 
The RSD of the wavenumber of the com-
mon peaks were ≤0.06%. The results are 
shown in Table II.

Repeatability Test
The repeatability of the method was as-
sessed by analyzing five independently 
prepared samples (S8) of the same spe-
cies (Rhodobryum roseum) using the same 
method. The RSD of the FT-IR absorbance 
value of the common peaks were <4.15%. 
The RSD of the wavenumber of the com-
mon peaks were ≤0.58%. The results are 
shown in Table II.

Sample Stability Test
Sample stability was determined using 
sample S8. The S8 sample powder was 
stored at room temperature for 24 h.  
The RSD of the FT-IR absorbance value of 
the common peaks were ≤2.5%. The RSD 
of the wavenumber of the common peaks 
were ≤0.21%. The similarity of results indi-
cated that the sample of the same species 
remained stable within 24 h. The results are 
shown in Table II.

The running results show that the FT-IR 
absorbance value and the wavenumber 
of the characteristic common peaks of the 
same species are stable. Therefore, the 
method exhibits good repeatability, is re-
liable and can be applied in the analysis of 
other moss samples.
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FT-IR Analysis
The FT-IR spectra of the 14 samples  
(11 species) of mosses were recorded in-
cluding seven Mniaceae samples, 4 Bry-
aceae samples, one Mielichhoferioideae 
sample and two Pottiaceae samples (con-
trol group) (Figure 1). Most of the peaks 
in the FT-IR spectra obtained from the 14 
samples are shown in Figure 1. Most of the 
peaks represent major functional groups, 
which show the comprehensive informa-
tion on the protein, carbohydrate, fibrin, 
and lipid components. The FT-IR spectra 
comparison could provide information 
on different samples. Hence, the region 
between 3500 to 3000 cm−1 presents a 
broad band centered at approximately 
3358 cm−1, which corresponds to absorp-
tion because of the stretching of O–H and 
N–H bands (Figure 1). A sharp peak at 2920 
and 2852 cm−1 was attributed to the pres-
ence of polysaccharide, lipid, and carbohy-
drates (C–H stretch). The peak at 1620 cm−1  
was attributed to the absorbance of amide 
(C=O bend). A second amide vibration 
was shown at 1420 cm−1 (C–H stretch), 
followed by an amide peak at 1260 cm−1 
(C–N stretch). The peak at 1030 cm−1 can 
be attributed to oligosaccharides, gly-
coprotein, and cellulose (C–O stretch). 
The peaks from 1200 to 650 cm−1 can 
be attributed to the absorbance of low-
molecular weight carbohydrates, polyols, 
and monosaccharides; this region is char-
acterized as the fingerprint region (35). 

Cluster Analysis
The FT-IR spectra from the different spe-
cies of mosses exhibit similar absorbance. 
Specific differences are difficult to distin-
guish by experience. Therefore, we chose 
to utilize multivariate statistical meth-
ods to analyze the absorption bands.  
Cluster analysis was conducted to inves-
tigate the relationship between species.  
We chose 12 absorption peaks within the 
range of 4000 to 650 cm−1. The euclidean 
distance was used to construct the dendro-
gram according to the absorption peaks. 

The dendrogram divides the 14 sam-
ples into two separated clusters (Figure 2): 
cluster 1 (C1) has 2 species from the Pot-
tiaceae (the control group), cluster 2 (C2) 
has 12 samples from the families Mieli-

chhoferiaceae, Bryaceae, and Mniaceae. 
C2 is split into two second subclusters. 
Subcluster 1 (SC1) is composed of Rhodo-
bryum roseum, Rhodobryum gigantenm, 
Pohlia elongate, and Bryum argenteum. 
Subcluster 2 (SC2) has five species from 
the family Minaceae. In SC1, the specie of 
genus Pohlia is clustered with B. argen-
teum (type of the genus Bryum). The re-
sult of the cluster analysis is inconsistent 
with the molecular results, which indicates 
that the species of genus Pohlia is closely 
related to the family Mniaceae. The phy-
logenetic relationship of family Pottia-
ceae is distant from Mielichhoferiaceae,  
Bryaceae, and Mniaceae. As expected, 
the two species of Pottiaceae are com-
pletely apart from the other species.

The results reflect the relative relation-
ship between the 14 samples. Further study 
is needed to identify the internal relation-
ships of the genera. PCA and one-dimen-
sional DWT were adopted in our study. 

PCA Analysis
In this study, we used PCA as the second 
multivariate analysis technique. The data 
from the absorption peaks within the 
range of 4000 to 650 cm−1 in the FT-IR 
spectra were analyzed by PCA. Table III 
shows the variance that accounts for the 
first four PCs computed from the absor-
bance value of the characteristic peaks 
used in cluster analysis. The first three 
PCs summarized more variation in the 
data than any other PCs, accounting for 
more than 99.24% of the data variance.  

Figure 3 shows the PCA with overlaid 
clusters of the 14 samples based on the 
first three PCs. The overlaid clusters plot 
indicates that the species of families Bry-
aceae, Mielichhoferiaceae, Mniaceae, 
and Pottiaceae can be grouped into 
three separate sets (Figures 3 and 4).  
The studied species of Pohlia elogata, 
Bryum argenteum, and three species of 
genus Rhodobryum form one well-sup-
ported group (blue triangle plots, Figure 
3). The Plagionium species exhibit a short-
distance relationship with Mnium hornum 
and Trachycystis ussrriensis (green dots, 
Figure 3). The molecular evidence indi-
cates that the species from genus Pohlia 
are closely related with the species from 
family Mniaceae (6). By contrast, the CLA 
and PCA data suggest that the species of 
genus Pohlia are more closely related to 
B. argenteum (type of genus Bryum and 
family Bryaceae). According to the scatter 
plots, the two samples from Pottiaceae are 
quite different from other samples. The 3D 
plots of FT-IR spectra of the 14 samples 
(Figure 4) analyzed by SPSS19.0 and the 
PCA with overlaid clusters analyzed by R 
ver. 3.6.1 (<www.r-project.org>) are in ac-
cordance with the result of CLA (Figure 2). 
The PCA results can be used to identify dif-
ferent families simply and accurately.

Wavelet Analysis of FT-IR Spectral Data
Species that belong to the same genus 
contain similar chemical components, 
such as protein, carbohydrate, and plant 
hormones (36). FT-IR spectra of the same 
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genus exhibit close peak absorbance 
and wavenumber values. In particu-
lar, the FT-IR absorptions of the spe-
cies from different geographical loca-
tions are quite difficult to distinguish.  
Therefore, in our study, DWT was used to 
extract the FT-IR spectra features for fur-
ther identification. The 1800 to 650 cm−1  
region can provide higher characteristic 
molecular structural information on the 
spectra. The 1800 to 650 cm−1 finger-
print region contains more molecular 
structural information and has been 
used for DWT analysis.

The Classification of Species in Sect. 
Mniaceae, Sect. Mielichhoferiaceae, 
and Sect. Bryaceae
The genus Pohlia was traditionally in-
cluded in the family Bryaceae. How-
ever, the phylogenetic position of genus 
Pohlia has changed in recent years.  
The phylogenetic analysis of random 
amplified polymorphic DNA (RAPD) 
makers showed that the genus Pohlia 
is more closely related to the genera 
of the family Mniaceae than Bryaceae 
(37). According to the CLA and PCA 
results, the species of genus Pohlia is 

more closely related to B. argenteum 
type species of Bryaceae, whereas the 
species of genus Pohlia has a distant re-
lationship with the species of Mniaceae 
(Figures 2–4). We classified the ambigu-
ous species of mosses based on their 
different chemical composition, which 
yields detailed information on different 
species. The PCA and CLA results can 
be considered as a piece of evidence 
on the phylogenetic status of genus 
Pohlia. To further identify the species 
of different genera, DWT was used to 
clarify with the FT-IR spectra. Plagiom-
nium maximoviczii, Pohlia elogata, and 
Bryum argenteum were chosen to rep-
resent Sect. Mniaceae, Sect. Pohlia, and 
Sect. Bryum. Scale 1–5 presents the de-
tailed information after decomposition  
(Figure 5). The five scales were com-
pared, and the DWT coefficients of Pla-
giomnium maximoviczii, Pohlia elogata, 
and Bryum argenteum were found to 
have great difference from one another 
in scale 2–4. Different species of the 
close relatives can be identified by DWT.

The Classification of Species 
in Sect. Plagiomnium
The FT-IR spectra form different spe-
cies of the same genus have very close 
absorbance values at the same wave-
number. The DWT was used to enhance 
the differences between the species 
of different genera to achieve satisfac-
tory results. So we use this method to 
the study of species in the same genus  
(Plagiomnium). Figure 6 shows the DWT 
coefficients of complete stool of P. 
actum, P. maximoviczii, and P. succulen-
tum. We make 5-level wavelet decom-
position to deal with the FT-IR spectra 
data. Scale 1-5 (Figure 6) shows detailed 
information af ter decomposition.  
The DWT coefficients can effectively 
affect the information features of spec-
tra (35). After comparing the five scales, 
scales 2–4 are sensitive to the change of 
absorption frequency in the spectra. As 
the DWT coefficients of P. actum, P. maxi-
moviczii, and P. succulentum have great 
difference, especially in scale 3 (Figure 6), 
different species of the same genus can 
be distinguished accurately.
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TABLE III: Variance and cumulative variance for the first four PCs from the 
PCA of the 14 moss sample (11 species) data subsets

PC Variance (%) Cumulative Variance (%)

PC1 84.104 84.104

PC2 12.021 96.125

PC3 3.113 99.238

PC4 0.465 99.703
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FIGURE 5: Results of the multi-resolution decomposition for FT-IR spectra 
with DWT of Plagiomnium maximoviczii, Pohlia elogata, and Bryum argenteum.
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Comparison of the Different 
Samples of Plagiomnium actum
The two samples (P. actum-1 and P. actum-
2) were collected from different areas 
(Table I, online). The chemical components 
of the two samples of P. actum did not have 
much difference. The FT-IR spectra of the 
two samples were difficult to differentiate. 

One-dimensional DWT was applied 
to decompose the FT-IR spectral data 
of P. actum-1 and P. actum-2 into differ-
ent frequency bands. The vibration sig-
nals were decomposed up to five levels 
using Daubechies 4 mother wavelet.  
The DWT coefficients effectively reflected 
the features of the spectra (Figure 7). Scale 
1 contains a high noise component, which 
is unsuitable in analyzing differences be-
tween the same species. Determining the 
differences in Scale 4, 5 were also difficult. 
Scale 2, 3 presents the difference between 
the three samples (Figure 7). Therefore, the 
decomposition levels 2, 3 in the DWT do-

main were chosen as a variable character-
istic extraction region because it showed 
intraspecific variation of Plagiomnium 
actum. The results indicated that DWT 
can be used to extract the features of the 
FT-IR absorptions of different samples of 
the same species. 

Conclusion
In recent years, the phylogenetic rela-
tionship of families Mielichhoferiaceae,  
Bryaceae, and Mniaceae has remained un-
clear. The traditional circumscriptions are 
based mainly on peristome characters, 
making classification of the taxa difficult. 
The results of the present study show that 
FT-IR spectroscopy in combination with 
PCA and cluster analyses can be used to 
differentiate the genera of Mielichhofe-
riaceae, Bryaceae, and Mniaceae. Recent 
studies based on molecular data indicate 
that genus Pohlia belongs to Mniaceae (38). 
In our study, we found that genus Pohlia is 

more closely related to Bryaceae based on 
the results of tests using chemical meth-
ods to determine the chemical compo-
sition. The PCA results show that the 
Pohlia species are not closely related to 
the species of Mniaceae. DWT are used 
to extract the features and enhance the 
differences between the species from 
different genera whose FT-IR spectra 
are similar. The species of Plagiomnium 
are successfully identified by FT-IR 
spectroscopy method combined with 
DWT. Results of the FT-IR spectros-
copy combined with cluster analyses 
and PCA can also be used to identify 
different genera and families of mosses. 
FT-IR spectroscopy method combined 
with DWT is suitable for differentiating 
different species of mosses from con-
troversial groups. The results show the 
possibility of using optical methods, 
such as FT-IR method, in differentiating 
the genera and species of mosses. FT-IR 
combined with chemometric methods 
for the identification of mosses is a rapid 
and efficient technique that could en-
able routine laboratories to facilitate 
identification of mosses.
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FIGURE 6: Results of the multi-resolution decomposition for the FT-IR spectra 
with DWT of three species of genus Plagiomnium (P. actum, P. maximoviczii 
and P. succulentum).
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SALARY SURVEY

The 2023 Spectroscopy  
Employment and Salary Survey:  
Is a Recession Looming— 
or Even Already Here?
Will Wetzel

The past year was a unique 
and challenging one for spec-
troscopists. With talk about a 

global recession —and several coun-
tries already reporting economic re-
cessions—greater uncertainty in the 
job market was on the mind of many. 
For this 2023 edition of our annual salary 
and employment survey, we gathered 
information about average salaries and 
compared those numbers to previous 
years. We also addressed broad trends in 
the global economy, asking respondents 
to offer their thoughts on whether they 
think a recession is already impacting 
their country, and how they are respond-
ing to current economic conditions.  
The results reveal that anxiety about the 
global economy is on the minds of many 
spectroscopists. We present these re-
sults in the text and graphics below.

Salary and Compensation
As in previous years, we analyzed all 
reported salaries that were between 
US $15,000 and $250,000. Based on 
those data, the average salary for 
spectroscopists came in at $96,683, 
representing an approximate 3% 
decrease from last year ($99,740).  
However, this salary decrease re-
flects the respondent profile, as more 
younger workers responded to the 
2023 survey (where 34.7% of respon-
dents had fewer than 10 years of ex-
perience) than in 2022 (with 15.5% of 
respondents in that bracket).

Work Environment and  
Seeking Alternative Employment
Most spectroscopists (63%) reported that 
their current work environments are better 
than last year. Despite this improvement, 
a majority (59%) indicated an interest in 
seeking better employment opportuni-
ties beyond their current situation.

When citing motives for pursuing al-
ternative employment, the top two rea-
sons were seeking a higher salary (19%) 
and dissatisfaction with their employer 
(9%). On the other end, for respondents 
who are not seeking to leave their cur-
rent jobs, the most-cited reasons were 
their salary (18%) and a convenient  
work location (16%).

Job Market
We also asked respondents to com-
ment on the job market for spectros-
copists. Respondents were mostly 
positive, with approximately 73% 
categorizing the job market as either  
“excellent” or “good.” 

With a global economic reces-
sion either already happening or 
looming, we also asked respondents 
to comment on their job security.  
A sizable minority (43%) consider their 
jobs to be just as stable now as they 
were last year. About 31% said their jobs 
are more secure now than last year, but 
nearly 26% said their jobs are less secure. 
Just under 26% expressed anxiety about 
an economic recession, and some 37% 
said that losing their job would be their 

biggest concern during a recession.  
Approximately 69% said that their coun-
try is already in an economic recession.

Demographics and Methodology
The 2023 Spectroscopy salary survey 
was available online from November 22, 
2022, to January 12, 2023, and received 
a total of 153 responses from spectros-
copists at various stages in their careers.  
Of the 153 respondents, 25.2% have 
21–35 years of spectroscopic experience; 
19.7% have 5–9 years of experience; 
15% have fewer than 5 years of experi-
ence in the field; 13.6% have between  
36–40 years; 12.9% have 10–15 years of 
experience; 10.9% have 16–20 years in 
the field; and 4.1% have 41 years or more 
of experience in the field.

The gender breakdown was 28.6% 
female and 65.3% male; the other 6.1% 
preferred not to answer. 

Half of our respondents reported 
that they work in industry, 32% work in 
academia or at an academic institution,  
10% work in government or a nationally 
funded laboratory, and 1% said they work 
for the military. Respondents came from 
16 different countries: Belgium, China, 
Croatia, Germany, Greece, India, Pakistan, 
Poland, Russia, South Korea, Sweden, 
Switzerland, Tunisia, Turkey, the United 
Kingdom, and the United States.

Will Wetzel is an Editor for Spec-
troscopy. Direct correspondence 
to: wwetzel@mjhlifesciences.com ●
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SALARY SURVEY

What was the overall change in salary during this past year?

Given your knowledge, skill set, 
and experience, do you think you 
are paid fairly?

Do you feel that your country is experiencing
an economic recession currently?

How anxious are you about the potential 
for an economic recession?

salaries
INCREASED

salaries
DECREASED

salaries
NO CHANGE

58% 12% 30%

I am very satis�ed with my pay, 
and it is actually at the high end 
of the market value

I am paid fairly for my level

I am paid adequately, but on the 
low end of the scale

I am paid below market value

7%

31%

33%

29 %

When looking to hire new 
candidates for spectroscopy 
positions, how would you 
rate their skill sets?

33%

42%

16 %

9 %

Excellent

Adequate

Poor

Good

My organization has made the 
following changes over the past year:

Large merger or acquisition17 %

Downsizing or restructuring related 
to an economic recession

23%

Downsizing or restructuring not 
related to an economic recession

%16

Offshoring of work functions9 %

No major changes%35

31 % 69 %
YesNo

0%
10%
20%
30%
40%
50%

5 %

40 %

22 % 23 %

10 %

Not 
anxious 

at all

Slightly 
anxious

Anxious Extremely 
anxious

Neither 
anxious 
nor calm
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SALARY SURVEY

In the event of an economic recession,
what are you (or would be) most
concerned about?

If an economic recession takes place (or if
it is already taking place where you reside)
how would you respond to it?

Other

7 %

Making ends meet

13 %

0% 5% 10% 15% 20% 25% 30% 35% 40%

Delayed retirement plans

12 %

Loss of health bene�ts

4%

Falling home value

7%

Job loss

37 %

Decline in stock market

20 %

What effects is your organization experiencing as a result 
of in�ation or supply chain disruptions?

Delays getting necessary laboratory supplies or equipment

Able to get necessary laboratory supplies and equipment, but at higher prices

Unable to get necessary laboratory supplies and equipment

We have had to increase the prices of products we sell

Management is cutting our spending

Lower sales of our products (because customers are reducing spending)

Delays getting necessary laboratory supplies or equipment

Able to get necessary laboratory supplies and equipment, but at higher prices

Unable to get necessary laboratory supplies and equipment

We have had to increase the prices of products we sell

Management is cutting our spending

Lower sales of our products (because customers are reducing spending)

Respondents Who Replied Severe or Moderate Effects

Respondents Who Replied Minimum or No Effects

%67
%68

%59
%55
%54
%49

%46
%51

%45
%41
%33
%32

48 %

37 %

33 %

18 %

20 %

22 %

5 %

Increase
savings

Change 
investment
portfolio

Delay
retirement

All of 
the above

No change 
(none of the above)

Delay big/
luxury purchases 
(e.g. automobile, 
house, vacation)

Curtail 
spending
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Furthermore, we are collaborating with 
our Japanese partners (the research 
group of Prof. Hideaki Kano at Kyushu 
University) on the subject of label-free 
brain imaging, with the expectation of 
building a whole brain atlas with single-
cell resolution (4).

What are the next steps in this  
research?
First, we will maintain our efforts to de-
velop biomedical applications of MCARS 
technology, as illustrated above. More-
over, in terms of data processing meth-
odology, the next step is to perform mul-
tivariate curve resolution by using deep 
learning approaches, given the large 
amount of data available and with the 
aim of accurately modeling the physical 
phenomenon of vibrational signal gen-
eration. In that respect, we are already 
evaluating autoencoders as candidate 
artificial neural networks (ANNs) for such 
a purpose.
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Cooled cyclonic spray chamber
Glass Expansion’s Peltier
Cooled Cyclonic (PCC)
spray chamber kit is
designed to be compatible
with Agilent’s 7900  
and 8900 instruments,
in addition to the legacy
Agilent ICP-MS models.
According to the company, the PCC kit minimizes
washout time with highly concentrated samples and
troublesome elements, such as B, Hg, Pb, and Sb.
Glass Expansion, Inc.,  
Pocasset, MA.  
www.geicp.com

Raman spectrometers
Metrohm’s Raman 
spectrometers are 
designed to deliver 
insights about reaction 
dynamics, blending,  
and other processes.  
According to the company, 
the spectrometers 
provide qualitative and 
quantitative chemical information, and are easy to integrate 
into production or in situ experiments. 
Metrohm USA, Inc., 
Riverview. FL.
www.metrohm.com

Diamond ATR accessory
The IRIS diamond
attenuated total reflection
(ATR) accessory from PIKE
is designed for infrared
(IR) sampling for powders,
gels, liquids, solids,
and more. According
to the company, the
accessory is suitable for
research, QA/QC,
and sample identification. 
PIKE Technologies,
Madison, WI.  
www.piketech.com

APEX 400 Automatic XRF Hydraulic Press
REFLEX Analytical introduces a new tech-
nologically advanced 40 ton automatic 
hydraulic press for XRF laboratories dedi-
cated to the high volume production of 
XRF pellets either in steel ring dies (up to 
40 per hour), aluminum cups or as unsup-
ported pellets (up to 20 per hour). Sample 
loading is simple with access to the die via 
a pull-out drawer positioned at a comfort-
able height for repeated sample filling. Preview a brief video 
to appreciate the precision design and engineering features, 
as well as how productive your laboratory can be.  
REFLEX Analytical Corporation, Ridgewood, NJ.  
www.reflexusa.com

PRODUCTS & RESOURCES

Philippe Leproux 
obtained his PhD 
in 2001 at the Uni-
versity of Limo-
ges, France on the 
design of optical 

power amplifiers based on rare-
earth doped double-clad fibers. 
Since 2002, he is an Associate Pro-
fessor at the University of Limoges 
in the fields of photonics and ICTs. 
His research activities at XLIM insti-
tute mainly deal with nonlinear fiber 
optics, especially supercontinuum 
generation and biophotonics, from 
the design of new optical fibers to 
the demonstration of innovative 
biology-oriented experiments, like 
MCARS microspectroscopy. Dr. Lep-
roux is the co-founder of LEUKOS 
company, Limoges, France, a spin-off 
from the University of Limoges and 
the French CNRS manufacturing su-
percontinuum lasers. He authored or 
co-authored over 240 publications/
conferences and 14 patents. ●
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