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From the Chairman
Mike Hennessy, Sr. 
Chairman & Founder, MJH Life Sciences

I n the continuing battle with cancer, one of the weapons 

that science has at its disposal is nucleic acid analysis. 

Indeed, the study of the structure and function of DNA 

is of great impor tance in the diagnosis and treatment of 

many cancers. Further, complexes involving rare earth met-

als that inter fere with the functioning of cancer cell DNA 

show promise for oncotherapy. In our cover story this month, 

Mingbin Liu and colleagues at Jiangxi Normal Universit y 

in China discuss the use of UV-visible and f luorescence 

spectroscopy to investigate the interaction between an yt-

terbium complex and DNA, so as to provide another step 

forward in the development of anti-cancer therapeutics.

Other peer- rev iewed research presented this month 

includes a Fourier transform infrared (FT-IR) spectroscopy 

analysis of natrii sulfas, a mineral used in natural medicine, 

and research on the development of an information-based 

classification system for distinguishing the characteristics 

of agricultural raw materials by near-infrared spectroscopy.

The “Molecular Spectroscopy Workbench” column moves 

us into the realm of industrial research and materials appli-

cations, by investigating depth profiling of laminar materials 

with Raman microscopy. A study comparing depth profiling 

per formed with dif ferent types of microscope objec tives 

illustrates the importance of matching the objective’s engi-

neered properties with the properties of the material under 

study; doing so improves the spatial resolution and chemical  

speciation achieved.

This month’s installment of “Chemometrics in Spectros-

copy” of fers a go-to list of essential references for 29 dif-

ferent chemometric techniques. These carefully selec ted 

references provide tutorials or explanations that are espe-

cially useful in understanding each technique and how to 

harness it for spectroscopy applications. 

Lastly, John Olesik of The Ohio State University explains 

his exciting collaborative research into health and environ-

mental issues using inductively coupled plasma (ICP) tech-

niques, and shares insights gleaned over a career of teach-

ing and research—ideas that will be useful to any scientist, 

young or old.

We apprec ia te your read er sh ip and hope that you 

f i n d t h e i n fo r ma t io n p re s e n te d u s e f u l  i n  yo u r  w o r k .  

Enjoy the issue!

Editorial Advisory Board
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MOLECULAR SPECTROSCOPY WORKBENCH

Effect of Sampling Optics  
on Raman Depth Profiling

Depth profiles of a laminar material 
have been measured on a confocal 
Raman microscope with a selection 
of microscope objectives. It is well 
known that the quality of the pro-
files will depend on the quality of 
the focus, which requires matching 
the objective’s engineered proper-
ties with the properties of the ma-
terial, particularly the effects of the 
indices of refraction. Depth profile 
comparisons performed with a se-
ries of objectives will illustrate how 
better matching improves the spa-
tial resolution and chemical specia-
tion in the depth profile.

Fran Adar

Since the introduction of the 
Raman microprobe in the mid-
1970s, it has been said that the 

Raman microprobe is the ideal instru-
ment for depth profiling transparent 
samples without cross-sectioning.  
Over the years, we have looked at dif-
ferent laminar materials with reason-
able success. It was recognized, how-
ever, that the standard optics used on 
a Raman microscope are metallurgi-
cal, which means they are designed 
to image the surface of a flat opaque 
object. Anyone who has taken an optics 
course knows that when light penetrates 
a material, which by definition has an 
index of refraction greater than that 
of air (which is 1.0), the light will bend 
towards the normal of the interfacial 
boundary, and the degree of bend-
ing increases as the angle of incidence 
increases. This means that the optical 
parameters of the objective will not 
guarantee that all rays are focused at 
the same plane. Ironically, the degree of 
blurring will increase with the numerical 
aperture (NA) of the objective which is, 
in some ways, counterintuitive because 
as the NA increases, one expects the 
focus to become tighter. In thinking 
about this effect, it occurred to me 
that using an objective with a correc-
tion for an index greater than 1 might 

improve the situation. Such an objec-
tive could be an objective corrected to 
be used with a cover slip, or an immer-
sion objective. This idea was explored 
in a short article where we showed 
the improvement in signal from a gas-
eous inclusion in a mineral when we 
compared the signal with a corrected 
objective vs. a metallurgical one (1).  
Subsequently, several laboratories have 
pursued this idea in more detail (2–4).

For a while, I have felt that it might 
be interesting to perform a depth pro-
file on automobile windshield glass 
because it is made shatterproof by 
sandwiching a polymer layer between 
two layers of glass. The polymer that 
has the same index of refraction as the 
glass is selected for this application so 
one does not see multiple images in 
reflection or transmission. Well, I never 
got to an automobile junkyard to get a 
piece of this glass, but I began to con-
sider the screen protectors used on cell 
phones as an alternative. Even though 
the thickness of these glass plates is of 
the order of a millimeter, they are quite 
flexible, suggesting that they might also 
be a sandwich structure similar to auto-
mobile windshield glass. So when I had 
to replace one of my screen protectors, 
I saved the old one for Raman analysis. 
I show in this column depth profiles 
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taken with a 10x, 50x long working dis-
tance (LWD), 100x dry, 100x oil immersion,  
and 60x corrected for a cover slip. The nu-
merical apertures for these objectives are 
0.25, 0.50, 0.90, 1.4, and 0.9, respectively. 

Results
Because this column is meant to indi-
cate the possibilities and limitations of 

depth profiling, I present the results of 
a low resolution cross-section measure-
ment first. The sample is of the order 
of 0.5 mm thick, so it is not possible to 
probe the entire thickness with most ob-
jectives. When I started looking at the 
depth profiles with various objectives, 
I was confused because I did not know 
what was present. By measuring a cross-

section, I was able to gain more knowl-
edge to help me understand the depth 
profiles. Using a 5x objective, I was able 
to capture an image of the entire plate 
cross-section, and then map its compo-
sition without worrying about any loss of 
focus because such a low magnification 
objective is not subject to small changes 
in focus. I used the multiplicative curve 
resolution (MCR) algorithm to deter-
mine the factors and found that four 
factors accounted for the composition. 
The profile is shown in Figure 1. The top 
left part of Figure 1 shows the profile of 
the four factors shown in colors in the 
bottom right; the black and grey spectra 
represent reference spectra of polyeth-
ylene terephthalate (PET) black, and sili-
cone (grey). Note that the silicone and 
PET spectra separate fairly well in the 
MCR factors. 

That brings the discussion back to 
the depth profiles recorded with the 
objectives mentioned earlier. Note that 
only the 10x and 50x LWD objective 
enable measurements through the en-
tire sample; the other objectives have 
working distances of the order of 100–
200 μm. We used either classical least 
squares (CLS) or MCR to generate the 
factors and depth profiles. The factors 
are always plotted with the reference 
spectra in black or grey at the bottom 
to evaluate how well the spectral spe-
cies are being separated in the profiles. 
Figure 2 shows the depth profile 
recorded with the 10x objective.  
The factors have been defined by CLS. 
Note how the layer definition is se-
verely compromised. There is a com-
plete absence of a layer of PET below 
the silicone layer and no evidence for 
a second glass spectral species even 
though the non-normalized score for 
the glass shows a dip near 500 μm. 
This is not unexpected because of the 
low spatial resolution of this objective. 
Clearly one would not try to get good 
depth information from thin films using 
the 10x objective. 

Figure 3 shows the depth profile with 
the 50x LWD objective. This objective 
has millimeters of working distance so 
it provides full access to the sample. 
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FIGURE 1: Low magnification cross-sectional depth profile (Z in microm-
eters) of the screen protector, with components identified as polyethylene 
terephthalate (PET), silicone (mixed with some PET), and two types of glass. 
Reference spectra of PET and silicone are shown at the bottom (Raman shift 
in cm-1 vs. Intensity). 
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FIGURE 2: Depth profile recorded with 10x objective. The top layer of PET film 
is seen in blue on the left, and the silicone is seen between the PET and the 
single glass species. The scores are not normalized here. Reference spectra 
are shown at the bottom (Raman shift in cm-1 vs. Intensity).
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Figure 3 shows results for 3 MCR fac-
tors, which include only one glass fac-
tor (adding a fourth factor to the cal-
culation did not improve the result).  
Near the surface (Z = 0) the layer pro-
files do not look too bad; the silicone 
layer is of the order of 25 μm, but is ap-
parently accompanied by glass, which 
is not correct. The second layer of the 
red silicone factor doesn’t make sense 
either because of the high glass con-
tent in that layer, so we know that this 
analysis cannot be accurate. This fact is 
also consistent with our knowledge of 
optics, which says that an objective with 
a high NA (in this case 0.5) that is not 
corrected for the index of the material 
will not provide good spatial selection. 
The dip in the scores at approximately 
450 μm is presumably because of an air 
gap between the bottom of the sample, 
which is the glass side, and the glass mi-
croscope slide. Apparently, the glass in 
the screen protector is the same as that 
in the glass slide.

Now we look at results from the 100x 
metallurgical lens, the 100x oil immer-
sion lens, and then the 60x dry lens 
with corrections (Both of these last 
two lenses are meant to be used with a  
cover slip.). 

Figure 4 shows the depth profile from 
the 100x metallurgical objective that has 
no corrections. Note that the 200 μm 
working distance limits how many layers 
can be measured. The two factors were 
generated with MCR, and they sepa-
rate the PET and silicone components 
fairly well as can be seen in the top of 
Figure 4. The depth profiles are shown 
both with normalization (left) and with-
out (right) scores. The significant drop 
in intensities of the non-normalized plot 
on the right is an indication of the lack 
of optical correction of the lens, but 
the width of the silicone layer is about  
25 μm, which is only a bit larger than 
what was seen in cross-section.

Figure 5 shows the results of the depth 
profile recorded with the oil immersion 
lens which has a 120 μm working dis-
tance. A 170-μm cover slip was placed 
above the sample, and oil was dropped 
both below and above the cover slip.  

The profile detects the presence of the 
immersion oil between the cover slip and 
the sample. It is curious that even with 
this lens, which is expected to produce 
good spatial resolution, the spectral 
components of PET appear in the other 
factors, especially that of silicone. But 
more puzzling is the apparent width of 
the silicone region, which we know is 
of the order of 20 μm. Because I do not 
know from where the 120 μm working 

distance is measured, I am assuming that 
the apparent large width of the silicone 
layer is because of the fact that the ob-
jective is in contact with the sample and 
the focal spot is not changing. 

Figure 6 shows the results of the depth 
profile measurement recorded with the 
60x objective corrected for a cover slip. 
A 170-μm thick cover slip was mounted, 
and the collar on the objective was set 
for 170 μm. This objective has a working 
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distance of 200 μm. The factors were 
generated using CLS. This measure-
ment was made after the measurement 
with the immersion oil, so the profile 
shows the presence of residual oil in a 
layer about 25 μm thick. The factor for 

PET is free of silicone, but the silicone 
factor has a rather larger contribution 
from PET. Note that the spectrum of 
PET is rather strong because of its aro-
matic character, and it does show up in 
the other factors. I remember hearing 

Neil Everall, one of the authors cited 
in the references, mention that when 
he was doing depth measurements, 
he was seeing evidence of a mate-
rial even at depths where one would 
not predict to measure it. This story is 
not complete, so hopefully it can be 
sorted out because of the importance 
of making depth measurements by  
Raman spectroscopy. 

One measure of how well an objec-
tive will be able to differentiate layers will 
be the slope of the signal intensity when 
the focus enters each layer. For the four 
objectives (50x LWD, 100x metallurgical, 
100x oil immersion, and 60x corrected-
for-a-cover-slip), the distance between 
approximately 10 and 90% intensity is 
respectively 19, 23, 9, and 11 μm. The 50x 
LWD does better than the 100x metal-
lurgical because its NA is smaller (0.5 vs. 
0.9) and therefore introduces fewer aber-
rations. Both of the corrected lenses do 
quite well, and significantly better than 
the uncorrected lenses. 

Summary
We have measured the composition of 
a cell phone screen protector, first in 
cross-section, and then by depth pro-
filing using five microscope objectives 
with varying optical properties. The pro-
file taken with the 10x objective failed 
to separate the spectral features or to 
detect some of the layers. The 50x LWD 
objective was able to probe the entire 
sample, but the scores were mixed and 
thus the results unreliable. The 100x 
metallurgical, uncorrected objective 
produced reasonably pure factors and 
profiles for the first three layers, but the 
non-normalized scores plot shows the 
effect of the lack of correction in that 
the intensity is dropping as the focal 
plane is moving further into the sample.  
Like the 100x metallurgical objective, the 
100x oil-immersion objective that was 
used here has a very short working dis-
tance, on the order of 120 μm so only the 
top layers can be probed. The ability to 
separate layers is judged good from the 
slopes at the interfaces at -25 and 0 μm.  
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CHEMOMETRICS IN SPECTROSCOPY

Survey of Key Descriptive  
References for Chemometric  
Methods Used for Spectroscopy: Part I

This installment, and the next 
one, comprise lists of four key ex-
planatory or tutorial references 
for each of 29 chemometric top-
ics described in a previous article, 
with the addition of program-
ming platforms often used for 
chemometrics. The references 
are selected as being particularly 
helpful to explain the use of each 
technique with spectroscopic 
data whenever possible. This ref-
erence list cannot be exhaustive, 
due to space limitations, but it is 
extensive and comprehensive.  
Included is a series of tables listing 
the key reference numbers for each 
chemometric technique. 

Jerome Workman, Jr. and Howard Mark

The August 2020 installment 
of the “Chemometrics in Spec-
troscopy” column was entitled, 

“Survey of Chemometric Methods 
Used in Spectroscopy” (1). In that ar-
ticle, we delineated 29 common che-
mometric methods (or techniques) in 
use today by spectroscopists, and se-
lected a single literature reference for 
each method. This current installment, 
and the one that will follow, continue 
this theme, forming a two-part series. 
In this two-part series, the respective 
chemometric methods, with their cor-
responding literature reference num-
bers, are given in Tables I through V. 
The tables for the two-part series in-
clude the following topics (in order of 
appearance); in all, 30 chemometrics 
topics will be covered.
• Table I: Signal preprocessing com-

parison table (alphabetical order)
• Table II: Component analysis com-

parison table (alphabetical order)
• Table III: Quantitative (calibration) 

methods comparison table (alpha-
betical order)

• Table IV: Qualitative (classification) 
methods comparison table (alpha-
betical order)

• Table V: Programming platforms 
often used for chemometrics (alpha-
betical order)

Part I includes Tables I and II with 
references. Part II will include Tables 
III through V with corresponding  
literature references. 

The science of chemometrics has 
rapidly advanced to now be included 
in the broader field of data analytics. 
There are now degree programs in 
data analytics and all types of data pro-
cessing related to computer science 
or specific other data fields, including 
econometrics, biometrics, biomedical 
statistics, data mining, chemometrics—
and software design and architecture 
specifically for design engineering, 
control systems, manufacturing engi-
neering, robotics, instrument control, 
predictive modeling and learning, and 
many other fields. This includes arti-
ficial intelligence and its subfields of 
machine learning algorithms (used in 
data filtering and computer imaging 
applications), computational statistics 
and optimization, supervised, semi-
supervised, and unsupervised learning, 
and various forms of predictive mod-
eling. Other machine learning family 
members include deep learning (deep 
structured learning), artificial neural 
networks, and specialized learning al-
gorithms. A menagerie of techniques 
or combinations of techniques is con-
tinuously being introduced, with ever-
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changing names. However, the basic 
mathematical concepts behind these 
changing names are much the same, 
and advances are mostly in name, the 
computer processing power used,  
and in the combinations and applications 
of the data analysis algorithms used.  
At some future point, we hope to at 
least summarize the nomenclature of 
these fields in this column.

Description of References
The general references 1–12 are basic 
descriptions of chemometrics reviews 
specific to spectroscopy applications. 
Then, a set of four references are given 
in Tables I through IV for each chemo-
metric method name given, and five 
references are given for each computer 
software platform introduced in Table 
V. The references for the two-part se-
ries will be sequential from 1 to 148 
so that the series can be viewed as a 
single body of work. 

Introduction to the Tables
Many excellent videos, technical notes, 
online sources, and published articles 
exist for the purpose of instruction 

and understanding of algorithms and 
chemometrics topics. Here, we have 
selected a set of papers from the tech-
nical literature that includes chemo-
metrics reviews for spectroscopy (1–12) 
as well as a set of articles for each of 30 
selected chemometrics topics (includ-
ing software platforms): We included 
four references for each topic that we 
considered most applicable to Spec-
troscopy readers, and we also tried to 
include those references that might 
be considered “classic” or tutorial pa-
pers. As we specifically delve into each 
subject or topic, we will include addi-
tional references that will be helpful to 
the reader in understanding and using 
these various chemometric methods. 

Here in part I of this series, Table I 
presents the references for various 
signal preprocessing techniques. 
These data processing methods are 
often used prior to the application of 
data exploration, or prior to qualita-
tive or quantitative methods. Table II 
lists references for component analysis 
techniques used mostly for data explo-
ration and discovery. In Part II of the 
series, Table III will show the variety of 

references for quantitative (calibration) 
methods used to take raw or prepro-
cessed data and compute predictive 
calibration models for quantitative 
determination of physical or chemical 
parameters in a dataset. Table IV will 
provide references for the qualitative 
(classification) methods used to take 
raw or preprocessed data and compute 
predictive calibration models for quali-
tative (classification) of different groups 
or types of samples or of physical or 
chemical parameters in a dataset. 
Table V will include references for using 
the most common programming lan-
guages or platforms for general data 
interpretation using chemometrics or 
other statistical analysis. 
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SPECTROSCOPY SPOTLIGHT

Fundamental Research  
Collaboration and Applications  
of ICP-OES and ICP-MS Toward 
Improved Understanding of  
Elemental Chemical Analysis
Jerome Workman, Jr.

Inductively-coupled plasma-
optical emission spectroscopy  
(ICP–OES) and ICP–mass spectrometry 

(ICP–MS) are often considered mature 
techniques, but researchers know that 
some aspects of the techniques are still 
not fully understood. Probing the mecha-
nisms involved can lead to more accurate 
results, and in some cases may cast doubt 
on accepted explanations. John W. Olesik, 
who directs the Trace Element Research 
Laboratory (TERL) in the School of Earth 
Sciences at The Ohio State University, has 
spent many years studying the processes 
that control signals in ICP techniques, and 
yet he is still encountering surprises. He is 
also in a unique position to get involved in 
exciting, applied research collaborations, 
because the TERL also provides elemen-
tal analysis and access to ICP–OES and 
ICP–MS instruments to groups through-
out (as well as to clients and collaborators 
outside) the university, leading to all sorts 
of collaborations. This interview is the sec-
ond part of a two-part series. In this part,  
Olesik discusses environmental research, 
data analysis techniques, and his collab-
orative research philosophy. 

You are currently involved in a 
research study to analyze the ef-
fects of environmental exposures 
of metals on newborns and child 
health (1). What can you share with 

us about the challenges in analyz-
ing human placenta samples for a 
variety of metals?
There have been two main challenges. 
First, some of the elements of interest 
(including Pb, Pt and Gd) are normally 
present at extremely low concentrations 
(low parts per trillion) in many of the di-
gested sample solutions. We also need 
to measure the pattern of naturally oc-
curring rare earth elements, all present 
at extremely low concentration, to iden-
tify anthropogenic Gd. (Dramatically 
elevated anthropogenic Gd concentra-
tions in placentas come from retention 
of a small fraction of the approximately 
1 g of Gd injected for a Gd chelate con-
trast enhanced MRI, even if the MRI was 
done years earlier. In some cases we are 
detecting much lower, but elevated an-
thropogenic Gd in the placentas from 
mothers who never had a Gd-contrast 
enhanced MRI. We are trying to identify 
the source of anthrogenic Gd in those 
cases.). This requires careful control 
of potential sources of contamination,  
and a means to avoid potential spectral 
overlaps. Second, the samples are not 
all in the same form as we receive them, 
because they are coming from a variety 
of sources that use different sample pres-
ervation processes. As a result, we have 
had to develop different sample prepara-
tion procedures for the different sample 

forms, and in many cases for a very lim-
ited amount of sample.

You are working on a project to iden-
tify and geochemically characterize 
atmospheric mineral nanoparticles 
in pre-industrial Antarctic ice during 
the last climatic cycle (2). How did 
this project come about? What is your 
role in analyzing these nanoparticles? 
What would you expect to find?
Many of our collaborations have begun 
after another research group designed ex-
periments and came to us about the trace 
element measurements, either before or 
after submitting a proposal, or even after 
they had funding. This project is one where 
we were involved from the conception of 
the idea. Lonnie Thompson and Ellen 
Mosley-Thompson lead a group in the 
Byrd Polar and Climate Research Center 
(BPCRC) at Ohio State that has built one 
of the largest collections of ice cores in the 
world through many incredible expedi-
tions, not only to the polar regions but to 
locations far from the poles at high eleva-
tions. They are incredible explorers and 
scientists. Ice core drilling equipment has 
to be brought to the site (up mountains 
at high elevations in non-polar regions).  
After the ice cores are drilled, the cores 
need to be brought back down the moun-
tain, and then transported, without melting, 
back to Ohio State laboratories.
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The ice cores, the gases trapped in 
them, pollen and other biological mate-
rials, and particles (deposited from the 
atmosphere and entrapped in the ice) 
provide a historical record of climate 
through time. The depth within the ice 
core can be related to the date it formed, 
providing a time scale.

Paolo Gabrielli is a research scientist 
who has worked at Ohio State with the 
Thompsons since 2007. Paolo is a glaci-
ologist who also has extensive experi-
ence using ICP–MS to measure trace ele-
ments in the ice or entrapped as particles.  
Using the “elemental fingerprints,” sources 
of particles (“dust”) may be identified. 
However, the vast majority of elemental 
chemical measurements to date have been 
done using acid to digest and dissolve the 
“dust” (consisting of many particles with a 
range of sizes) and then measure the bulk 
(average) elemental composition. Both 
BPCRC and TERL have the same model 
ICP-sector-field–MS instrument, so we have 
sometimes borrowed components from 
each other’s instrument to troubleshoot 

instrument problems. Paolo was also very 
interested in the studies of the fundamental 
processes that occur in the plasma being 
done in my laboratory, as well as new ap-
plications, including single particle ICP–MS.

Following our discussions, Paolo pointed 
out: there were very little data on the el-
emental chemical composition of individual 
particles entrapped in ice cores, and what 
data there were had been based on small 
numbers of particles measured using elec-
tron microscopy with energy dispersive 
detection. Furthermore, there was little 
information on the number concentration 
of particles less than about 0.5 µm even 
though the number of particles smaller 
than 0.5 µm is expected to be orders of 
magnitude more the than the number of 
particles larger than 0.5 µm.

Upon further discussion, we also realized 
that if we could measure the composition 
of many individual particles that had been 
trapped in ice cores, we could potentially 
much more effectively determine the types 
of particles (for example, particular minerals 
or anthropogenic materials) present, and 

therefore their sources, compared to bulk 
measurements that provided an average 
composition. Furthermore, small percent-
ages of unusual particles were likely lost in 
the “noise” of bulk measurements.

We then worked together on a proposal 
to the National Science Foundation (NSF), 
not having a feel for the chances of getting 
funding and expecting it would require 
more than one iteration and submission 
before it might be successful. Our plan was 
based on a combination of complementary 
measurement techniques, including two 
that were typically used in previous stud-
ies of trace elements in ice cores—Coulter 
counter based particle size distributions 
and ICP-sector field–MS measurements of 
bulk measurements of particles following 
acid digestion—along with techniques to 
measure individual particles (single par-
ticle ICP–quadrupole MS, single particle-
ICP–TOF–MS, and transmission electron 
microscopy with energy dispersive X-ray 
spectroscopy). We added two world-class 
collaborators to support the proposal and 
to fill in capabilities that were needed but 
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not available in our labs: James Rainville of the Colorado School of 
Mines, to measure nanoparticles sizes with field flow fractionation-
ICP–MS, and Frank von der Kammer, who had an ICP–TOF–MS in 
his laboratory at the University of Vienna. Both also are among the 
world’s experts in studying the fate of nanoparticles in the environ-
ment. Paolo and I are both involved in nearly aspect of the project 
other than acquiring and cutting the ice (Paolo is also involved  
in that, but I am not). 

Four of the five reviews we got back on the first submission of 
the proposal were among the most glowing I have ever seen re-
garding the importance and novelty of our goals, and the quality, 
logic, and completeness of our plans to try to accomplish those 
goals. Occasionally, when I’m having a “difficult” day, I go back and 
re-read them with a big smile. The fifth reviewer submitted a very 
short review that was not positive and commented: “The proposal 
reads more like ‘We want to use every analytical tool we have’ than 
‘Here are the questions we are trying to answer and here is how we 
will attempt to answer those questions.’” Despite that comment, 
the project was funded.

The pre-industrial Antarctic ice will provide insight into natural 
nanoparticles and microparticles, transported to Antarctica from 
the rest of the world, and how the number and elemental compo-
sition of those particles have changed over the last 40,000 years. 
In addition, we want to determine how much the nanoparticles  
(<200 nm) contribute to the total trace element concentrations, and 

how the microparticles (0.2 to 5 µm) contribute. Currently, this is a 
total unknown. Particles in the atmosphere can affect climate be-
cause they reflect, scatter or absorb sunlight and act as nucleation 
sites for formation of clouds. In addition, Fe-containing nanopar-
ticles, transported through the atmosphere, may be an important 
source of Fe in the oceans. We also plan to measure particles en-
trapped in ice cores from other locations, such as Mt. Ortles in the 
Alps, over the last 7000 years to assess how nearby human activity, 
including the production of anthropogenic particles from industrial 
processes, has affected the number and composition of particles 
deposited from the atmosphere over time.

Have you had to develop any specialized chemometric 
techniques for your various applications of ICP–MS meth-
ods? What has been your greatest data analysis challenge 
in performing your research? In a more general sense, what 
were some of the major challenges you have encountered 
during your career of laboratory research? How important 
is sound experimental design in your work?
A number of chemometric techniques, including discriminant anal-
ysis and principal component analysis, are used to determine the 
best elemental “fingerprints” for comparing water composition to 
fish ear bone composition. Our collaborators relate trace element 
fingerprints in the bone samples to the trace element patterns in 
water in order to compare the element patterns in fish ear bones. 
We are also developing approaches using MATLAB programs, 
Excel filtering, and potentially machine learning approaches, to 
identify different mineral types in large numbers of nanoparticles 
and microparticles. 

However, we also always look manually at raw data, and are con-
stantly asking what factors other than the ones we are trying to as-
sess could affect the data. For many samples, this includes potential 
sample matrix-induced changes in sensitivity and potential spec-
tral overlaps in optical emission or mass spectra. We have spent 
a lot of time studying both matrix effects and spectral overlaps in 
both ICP–OES and ICP–MS, so we apply what we have learned to 
samples we analyze. For samples we measure for clients, we are 
constantly looking for multiple ways to measure the same element. 
This can include three or four different lines for optical emission, 
or sets of isotopes where possible for ICP–MS. We look for diag-
nostic signals that tell us about the plasma temperature, such as Ar 
emission or mass spectrometry intensities, concentrations based 
on both ion and atom emission intensities, ion-to-atom emission 
intensity ratios for the same element, or ratios of ion signals for ele-
ments with high ionization energy to elements with low ionization 
energies. These provide hints to when matrix effects or spectral 
overlaps are occurring for particular samples. The ultimate goal 
is to develop “intelligent instruments” that can diagnose analysis 
problems and take the appropriate steps automatically to over-
come or avoid the potential sources of error. At a minimum, the 
intelligent instrument would warn the operator when the results 
for a particular sample might not be accurate. 

Experimental design in terms of appropriate sample prepara-
tion, and careful measurement of process blanks to assess and 
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avoid contamination (especially when 
measuring part per trillion concentrations) 
is critical. Statistically appropriate design 
of experiments prior to sample analyses is 
also essential for questions some of our cli-
ents and collaborators are trying to answer.

Occasionally, we are frustrated with cli-
ents who just want numbers now, or who 
are not willing to do the painstaking, time-
consuming work to ensure contamination 
is not a problem, or who have not thought 
ahead about how they will interpret the 
analytical results. In one case, the client ex-
pected to see increasing concentrations 
by about a factor of 10 across a set of 10 
samples. After refusing to measure blanks 
first because they needed results now, 
they measured their samples; all had the 
same concentration (most likely because 
their reagents were contaminated so the 
measurement was of the contamination in 
the reagents rather than the results of their 
experiment). My PhD research advisor used 
to ask us, “If you don’t have time to do it 
right, how are you going to have time to 
do it over?” Occasionally, clients also tell us 

we must have made an error in our mea-
surements because the results are not what 
they expected. We treat these situations as 
a challenge for us to teach them.

Too often when we ask what accuracy 
and precision is needed to address the re-
search question of interest, the answer we 
get is either “I don’t know” or “The best 
you can do.” Neither is a good answer. If 
you don’t know what accuracy and preci-
sion you need, how will you know if your 
results are statistically significant? “The best 
we can do” could mean using techniques 
developed by a group at NIST (National 
Institute of Standards and Technology), 
and extended by our group that is limited 
by the precision and accuracy of weighing 
out standards, not the precision of the mea-
surement instrument. We have shown we 
could obtain 0.1% relative uncertainty in el-
ement concentration measurements rather 
than the more typical 10% uncertainly.  
The down side: time and cost of “perfectly” 
matrix matching standards to the samples 
and using “perfectly” matched internal 
standards with sample-standard-brack-

eting so it might take 20 hours to make 
the standards and measure 10 samples 
instead of one hour to make standards 
that are not perfectly matrix matched 
and 5 minutes per sample measurement.  
Another teaching opportunity!

I often remind my students that “weird 
results are good,” as long as you can prove 
the weird results are not due to a measure-
ment error or a factor that was not consid-
ered. “Weird” results are an opportunity 
to learn something new from unexpected 
results. The lack of dependence of analyte 
mass on ICP–MS matrix effects is one of 
those “weird” results.

What would you consider to be the 
most meaningful contributions of 
your research work? What is most 
exciting to you about your work?
My first reaction is that is something that is 
probably best answered by others. I think 
the biggest impact in general has been to 
make the processes that control ICP–OES 
and ICP–MS signals, potential sources of 
error, and potential means to overcome 
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those errors more clearly understood by 
others. Others may include researchers, 
ICP–OES users, ICP–MS users, and stu-
dents both in our laboratory and in the 
laboratories we have had close collabora-
tions with who have had an impact in their 
positions after finishing at Ohio State. 

Certainly, there are several investiga-
tions done in our laboratory that I am par-
ticularly fond of. Our laboratory, and Paul 
Farnsworth’s group at Brigham Young Uni-
versity, independently, but almost simul-
taneously, unexpectedly discovered that 
some sample aerosol droplets and desol-
vated particles survive in the >6000 K ICP 
and can cool a surprisingly large volume  
(about 2 mm wide) of the plasma surround-
ing each. Several students in our laboratory 
did a superb job using those effects to gain 
a better understanding of fundamental 
processes in the plasma. 

Later, a series of experiments inject-
ing monodisperse droplets into an ICP to 
separately investigate droplet desolvation, 
particle vaporization, atomization, ioniza-
tion, diffusion, and ion transport from the 
atmospheric plasma through the mass 
spectrometer was challenging, exciting, 
and provided clarity that was previously 
unattainable. Those experiments led us, 
about 10 years later, to join other groups 
developing and using single particle  
ICP–MS to measure large numbers of en-
gineered nanoparticles and most recently 
mineral and other nanoparticles and mic-
roparticles entrapped in ice cores. 

Some of the students in my laboratory 
also made great efforts to investigate ion-
molecule reactions to overcome spectral 
overlaps in ICP–MS ,and others study the 
fundamental basis, requirements, capabili-
ties, and limitations of single particle ICP–
MS for micro- and nanoparticle analysis.

A small fraction of the work we have 
done on the fundamental processes 
involved in ICP–OES and ICP–MS was 
funded by NSF. NSF then decided that 
all the related questions had been solved. 
Certainly, our recent work on matrix ef-
fects in ICP–MS showed that was not cor-
rect. Fortunately, we have had an almost 
30-year long collaboration with Perki-
nElmer, who have supported our continu-
ing research in that area.

While I’ve been criticized for not pub-
lishing more, and we certainly have made 
mistakes in some of our publications,  
I have been demanding that only data that 
are proven to be reproducible, that we are 
convinced are not biased by processes 
other than those we used in explaining 
the results, and that have something new 
and potentially important to say, are pub-
lished. We have learned lots from experi-
ments that “failed” or were not complete 
enough for us to decide to publish them in 
scientific journals; many of those were im-
portant to our learning process, and were 
included in theses and openly discussed  
at conferences.

What words of wisdom do you have 
for any young people interested in a 
scientific research career?
Find something you enjoy doing and are 
passionate about, and do it the best you 
can. It will not be easy (most easy things 
have already been done), but with deter-
mination, the opportunities are incredible. 
Before joining a research group, find out 
how the group is operated (there are many 
successful ways to run a group; you need to 
find a style that fits with yours). That may be 
as important or more important than the 
research topic. It is more important to learn 
how to do research in graduate school than 
what specific research you work on. That is 
much easier to do in the right environment 
for you.

Don’t limit yourself. Grades are not 
necessarily an indicator of future success. 
Learning and being able to use what you 
learn is more important. In my view, just 
“learning” to get an A and then forgetting 
the information so you are not able to use 
it in the future is a waste of time and some-
one’s tuition money, and does not lead to 
future success. The most successful gradu-
ate student I have ever had in my research 
group ended up in my group because 
no faculty in the Chemistry Department 
would take him; his grades and test scores 
weren’t great. It turned out he could learn 
independently and from others, he could 
apply what he knew to entirely different 
problems, he had great determination even 
after “failed” experiments, and he openly 
shared what he knew and learned.
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Using Information-Based  
Classifications to Distinguish  
Characteristics of Raw Agricultural  
Materials by Near-Infrared Spectroscopy

Near-infrared (NIR) spectroscopy is 
a promising technique for identifying 
raw agricultural materials. However, it is 
rarely used because of its poor discrimi-
nant rate. In this study, we took tobacco 
leaves from five origins as experimental 
materials. An origin discriminant model 
by the discriminant partial least squares 
(DPLS) was established, and the cor-
rect discriminant rate of internal cross 
validation was 76.54%. Origins were di-
vided into three groups. The discriminant 
model of the three groups was improved, 
and the correct discriminant rate of in-
ternal cross validation was 98.77% along 
with a 100% external validation rate.  
We analyzed the characteristics of the 
three groups’ average spectra under nor-
mal variable pretreatment and found they 
have different absorption characteristics 
in different regions, and that the classifi-
cation is information-based. The results 
show that using information-based clas-
sifications can establish a better model, 
and that main chemical components and 
NIR spectra can determine whether the 
classification is information-based, and 
whether projection based on principal 
component and Fisher criterion (PPF), 
can be more effective.

Yilin Liu, Gang Hu, Han Liu, Yifen Yang, Yu Guan, and Junhui Li

Near-infrared (NIR) light is an 
electromagnetic wave with a 
wavelength in the range of 780 to 

2526 nm (1). The NIR spectrum absorbs 
the doubled and combined frequency 
of hydrogen-containing group vibrations 
and contains information on the composi-
tion of most organic compounds (1). NIR 
analytical technology is a fast and nonde-
structive technology for material analysis, 
and it can conduct two types of analysis: 
quantitative and qualitative (2). Using NIR 
qualitative discrimination, the source, 
type, storage time, grade, and identity 
of a sample can be determined. The use 
of NIR spectroscopy to qualitatively dis-
criminate samples has been extensively 
studied; such studies have considered the 
varieties of strawberries (3), the origins of 
jujube (4), the origins of fritillaria (5), the 
classification of bamboo (6), and explored 
many other areas (7–11). In addition to NIR 
analysis technology, methods commonly 
used to distinguish the characteristics of 
agricultural products include electronic 
nose technology (12) and mineral element 
fingerprint analysis (13), among others.

Qualitative discrimination of agricul-
tural raw materials not only help identify 
the authenticity, quality, and grade of 

the agricultural raw materials, but they 
also facilitate the classification and grad-
ing of the market as well as the breed-
ing of varieties, among other processes. 
Qualitative discrimination of agricultural 
raw materials is also conducive to stable 
large-scale industrial production in terms 
of acquisition and processing. However, in 
actual production, not many types of at-
tributes can be identified (generally only 
those that differ greatly); the recognition 
accuracy is not high (for some attribute 
types, the recognition accuracy is usually 
less than 90%) (14–17). Although using NIR 
technology has achieved the aforemen-
tioned goals, there are few examples of 
practical applications.

In this study, we took tobacco leaves 
from the Sichuan province of China as 
experimental materials and used dis-
criminant partial least squares (DPLS) to 
establish a qualitative discriminant model 
first. However, the correct discriminant 
rate was poor. We speculated that the 
classification of origins by administrative 
divisions is insufficient, or that the classifi-
cation does not have an information basis. 
Therefore, we analyzed the similarities be-
tween the five origins based on the main 
chemical components and NIR spectra. 

Spectroscopy papers have undergone a double-blind peer review process and are available on our open-access website.
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Doing this analysis helped establish the discriminant model of 
the three origin groups. The results showed that using informa-
tion-based classifications can lead to a better model. This study 
also analyzed different absorption characteristics in different NIR 
wavenumber ranges and determined whether the classification 
is information-based by similarity analysis.

Materials and Methods
Instrument
A multipurpose analyzer (MPA)-type Fourier transform NIR spec-
trometer (Bruker, Germany) was used. The working parameters 
were as follows: spectrum acquisition range, 12000–4000 cm-1; 
spectral resolution, 8 cm-1; and number of scans averaged, 64.

Samples and Data
The quality characteristics and main chemical components differ 
greatly among the upper, middle, and lower parts of the same to-
bacco plant. To eliminate the influence of part differences on the 
determination of tobacco origins, the middle part of samples col-
lected from different origins in 2014 to 2016 in Sichuan province, 
China, were selected. Information about the total experimental 
samples is provided in Table I. Tobacco routine chemical com-
position data, including the total sugars, reducing sugars, total 
nitrogen, nicotine, potassium, and chlorine, were obtained by the 
Sichuan Provincial Tobacco Quality Supervision and Test Station.

Experimental Method
Discriminant Partial Least Squares (DPLS)
DPLS originated from partial least squares (PLS) analysis, which 
is a bilinear model based on an X matrix (explanatory variable) 
and a Y matrix (response variable) (18). This algorithm maximizes 
the covariance with the Y matrix by modifying the X matrix (19). 

Although PLS is regarded as a calibration method, it is also 
used for solving discrimination problems (20). Different from PLS 
analysis, Y is a class variable in DPLS. A binary system was used 
to determine the class to which a sample belongs and a stan-
dard is set, where “1” denotes belonging to this class and “0” 
denotes not belonging to this class (21). When there are three 
classes or five classes, class variable Y is as shown in Table II.  

However, the predicted value is often close to 0 or 1 rather than 
exactly 0 or 1 (22). In general, it can be set to a threshold to dis-
criminate between classes by comparing the relationship be-
tween the predicted values and the threshold value (23).

In this study, we use the Caunirs software (China Agricultural 
University) to establish the origin discriminant models. The cor-
rect discriminant rate (CDR) is discriminating one class to within 
the same class, and the incorrect discriminant rate (IDR) discrim-
inates a class to other classes. The CDR and IDR are defined  
as follows:

%CDR = ×100No. samples correctly discriminated by the model
No. of samples (all)

 [1]

%IDR = ×100No. samples incorrectly discriminated by the model
No. of samples (all)

 [2]

Projection Based on Principal
Component and Fisher Criterion (PPF)
The PPF is a projection method that combines principal compo-
nent analysis with Fisher criterion (24,25). Spectral matrix X has 
been reduced to x by a dimension reduction technique called 
principal component analysis. Then, x is projected though Fisher 
criterion. It searches for the projection directions on which the 
data points of different classes are separated as far as possi-
ble, while the data points of the same class are kept close to  
each other (19). 

The PPF method maximizes the between-class distance 
and minimizes the within-class distance. Not only can the PPF 
method discriminate between classes, but it can also reflect the 
similarity between classes (26). The projection of PPF is a circle. 
In the PPF two-dimensional (2D) projection, the center of each 
circle represents the projection mean within-class, the within-
class projection values reflect the degree of dispersion within the 
class, and the overlap of the circles reflects the similarity between 
the classes (19). The distance between the projection graphs can 
be visually evaluated to ascertain the degree of similarity among 
the origins; the diameter of the circle can evaluate consistency 
within an origin (19). This study mainly considers the interclass 

TABLE I: Samples and origins

Origins Liangshan Panzhihua Guangyuan Luzhou Yibin Total

2014 12 9 7 8 8 56

2015 4 9 4 9 5 39

2016 5 7 4 7 4 35

Total 21 25 15 24 17 102

TABLE II: Class variables Y in three or five classes

Classes A B C D E

Three 100 010 001 --- ---

Five 10000 01000 00100 00010 00001



June 2021   Spectroscopy 36(6)  27www.spectroscopyonline.com

PEER-REVIEWED RESEARCH

distances between different origins. In 
this study, we use the Caunirs software  
(China Agricultural University) to es-
tablish a projection analysis model.

Cluster Analysis and 
Spectral Preprocessing
Based on the averages of the main 
chemical components from each 
origin, SPSS 19.0 software (IBM) was 
used to perform system cluster analy-
sis. Cluster analysis technology can 
directly compare the properties of 
various entities and classify data with 
similar properties into one class (27). 
The spectrum is subjected to Savitzky–
Golay smoothing preprocessing, first-
derivative preprocessing, or standard 
normal variable (SNV) preprocessing 
(28). When establishing the DPLS quali-
tative discriminant models, we used the 
Savitzky–Golay smoothing preprocess-
ing and first-derivative preprocessing 
to decrease spectral random devia-
tion, systematic deviation and so on.  

When analyzing the absorbance differ-
ences in the average spectra among 
different regions, we used SNV prepro-
cessing to decrease spectral random 
deviation. SNV pretreatment does not 
change the original shape of spectrum, 
and it is convenient for observation of 
spectral features.

Results
Result of the NIR Qualitative
Model for Five Origins
DPLS was used, and the spectral data 
from 8000 cm−1 to 4000 cm−1 were se-
lected because of the higher absorbance 
in this range using the first-derivative 
and Savitzky–Golay smoothing with 15 
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FIGURE 1: Illustration of cluster analysis tree.
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points to reduce the spectrum noise (2).  
Then, based on internal cross-validation 
(26), the first six principal components 
were chosen. Table III shows the results 
of the model.

Table III shows that the total recog-
nition accuracy of the tobacco origins 
discriminant model is only 76.54%,  
which does not meet the requirements 
for practical application. The correct dis-
criminant rates in Panzhihua, Liangshan, 
Yibin, and Luzhou are low because there 
are many incorrectly classified samples 
between Panzhihua and Liangshan as well 
as between Yibin and Luzhou. 

Regarding the reason behind the poor 
correct discriminant rate, we speculated 
that the classification of origins by adminis-
trative divisions is insufficient or unreason-
able or the classification does not have an 
information basis. Therefore, we studied 
the similarities between the five origins to 
obtain a more reasonable or information-
based classification based on their main 

chemical components and spectra to es-
tablished a better discriminant model.

Similarity Analysis Between  
Five Origins Based on the  
Main Chemical Components 
The average values of the main chemical 
components (total sugars, total nitrogen 
and nicotine) for the five origins were calcu-
lated, as shown in Table IV. Using system-
atic clustering, the contents of total sugars, 
total nitrogen, and nicotine from the five 
origins were analyzed. The cluster tree is 
shown in Figure 1.

Table IV shows the following results: Li-
angshan and Panzhihua tobacco samples 
have more total sugars, less total nitrogen, 
and less nicotine. Guangyuan tobacco 
samples have medium total sugars, more 
total nitrogen, and more nicotine. Luzhou 
and Yibin tobacco samples have less total 
sugars, more total nitrogen and more nic-
otine. As shown in Figure 1, according to 
the cluster analysis of the main chemical 

components, Liangshan and Panzhihua 
can be in one class, Yibin and Luzhou can 
be in one class, and Guangyuan can be in 
a separate class.

Similarity Analysis Between  
the Five Origins Based on  
the NIR Spectra
Liangshan, Panzhihua, Guangyuan, Lu-
zhou, and Yibin were labeled with the sym-
bols LSh, PZH, GY, LZ, and YB, respectively. 
PPF was used, and as in DPLS, the spectral 
data from 8000 cm−1 to 4000 cm−1 were 
selected using first-derivative and Sav-
itzky–Golay smoothing with 15 points.  
Then, based on the contribution of vari-
ance, the first five principal components 
were chosen. The projection map by PPF 
is shown in Figure 2.

As shown in Figure 2, the overlap be-
tween Liangshan and Panzhihua as well as 
between Yibin and Luzhou is nearly over 
half, and the similarity is high. If Liangshan 
and Panzhihua, Yibin and Luzhou, and 
Guangyuan can be put into three classifi-
cations, the distances between them are 
all relatively long and the similarity is low.

Result of the NIR Qualitative  
Model for Three Origin Groups
The results of the similarity analysis be-
tween the five origins based on the main 
chemical components or NIR spectra 
both show that the similarity between 
Liangshan and Panzhihua is high, and 
that the similarity between Luzhou and 
Yibin is also high. Based on the similarity 
analysis results, Liangshan and Panzhi-
hua, Luzhou and Yibin, and Guangyuan 
can be classified as three origin groups, 
respectively, namely, PL, YL, and GY. 

We established a discriminant model 
for the three origin groups using the 
same modeling method DPLS and pre-
processing method as in the five-origin 
model. Based on internal cross-valida-
tion, the first seven principal compo-
nents were chosen. Table V shows the 
qualitative discrimination results of inter-
nal cross-validation, and Table VI shows 
the external validation.

Table V and Table VI shows that, com-
pared with the five origin discriminant 
model, the discriminant model of internal 
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FIGURE 2: Principal component and Fisher criterion (PPF) projection with  
5 principal components.

TABLE III: Characteristic wavelengths extracted by PCA, SPA, and NCA

Origins Liangshan Panzhihua Guangyuan Luzhou Yibin

Liangshan 61.90 28.57 0.00 9.52 0.00

Panzhihua 17.65 76.47 0.00 0.00 5.88

Guangyuan 0.00 0.00 100.00 0.00 0.00

Luzhou 5.26 0.00 5.26 78.95 10.53

Yibin 0.00 0.00 0.00 27.27 72.73

Total CDR (%): 76.54 Total IDR (%): 23.46
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cross-validation shows a highly correct dis-
criminant rate that increased from 76.54–
98.77%, and the correct discriminant rate 
of external validation reaches 100%. 

By comparing the results of the 
model for five origin groups and the 
model for three origin groups classified 
by the similarity of the main chemical 
components and spectral characteris-
tics, it can be observed that using the 
information-based classification in dis-
tinguishing the origins of tobacco by 
NIR can establish a better and more 
reasonable qualitative discriminant 
model. This conclusion may be extended 
to other agricultural raw materials.  
 
Discussion
As shown in Figure 3, Figure 4, Table 
VII, and Table VIII, there are signifi-
cant differences in the average spec-
tra among Liangshan and Panzhihua, 
Luzhou and Yibin, and Guangyuan. In 
4250–4350 cm-1, the spectra mainly 
contain the absorption of C-H groups 
typically on cellulose, and the PL has a 

lower absorbance, while the YL and GY 
have higher absorbance. In 4700–4800 
cm-1, the spectra mainly contain the 
absorption of O-H groups typically on 
starch and other carbohydrates, and 
the PL has higher absorbance, while 
the YL and GY have lower absorbance. 
In 5100–5200 cm-1, the spectra mainly 

contain the absorption of N-H groups typi-
cally on protein. The PL has a lower absor-
bance, the YL has a middle absorbance, 
and the GY has a higher absorbance.

Based on the information regarding 
the composition of organic groups and 
related substances absorbed by NIR light 
in different frequency ranges and the 

TABLE V: The internal cross-validation results of three origin groups

Origins Groups PL GY YL

PL 100.00 0.00 0.00

GY 0.00 100.00 0.00

YL 3.33 0.00 96.67

Total CDR (%): 98.77 Total IDR (%): 1.23

TABLE IV: The main chemical constituents of tobacco samples from different 
origins

Chemical 
Component Liangshan Panzhihua Guangyuan Luzhou Yibin

Total sugars (%) 39.27 41.03 35.20 32.72 32.23

Total nitrogen (%) 1.75 1.65 1.83 1.78 1.87

Nicotine (%) 2.13 1.76 2.72 2.72 2.61
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absorption characteristics of different 
origin groups of tobacco in different 
bands, it can be inferred that the PL 
tobacco samples may have less cellu-
lose, more starch and other carbohy-
drates, and less protein; the YL tobacco 

samples may have more cellulose, less 
starch and other carbohydrates, and a 
middle amount of protein; and the GY 
tobacco samples may have less cel-
lulose, less starch and other carbohy-
drates, and more protein.

The chemical composition charac-
teristics of different origin groups are 
obtained by spectrum absorption char-
acteristic analysis, and they are consis-
tent with the characteristics of routine 
chemical composition analysis obtained 
by chemical measurement, such as car-
bohydrates. Average spectral information 
further verifies that the division into three 
origin groups is an information-based 
classification; it can also be used for de-
termining whether the classification has 
an information basis. However, methods 
such as similarity analysis may be more 
effective because of the serious overlap 
of NIR spectra. At the same time, we can 
also use NIR spectroscopy to obtain con-
tent information of the major chemical 
groups in agricultural raw materials.

Conclusions
This study established a qualitative model 
for five origin groups, and the correct dis-
criminant rate was poor. Based on the sim-
ilarity of the main chemical components 
and near-infrared spectra of the different 
origin groups, a discriminant model for 
three origin groups was established, and 
the correct discriminant rates of internal 
cross-validation and external validation 
are both greatly improved. 

The analysis of absorption character-
istics in the spectra showed that they can 
be used for determining whether the clas-
sification has an information basis by ana-
lyzing the preprocessing average spectra. 
At the same time, we can also use near-
infrared spectroscopy to obtain content 
information of the major chemical groups 
in agricultural raw materials.

Using the information-based classifi-
cation can lead to a better model, and 
the classification algorithm is not most 
important. The chemical composition or 
spectral characteristics can be used to de-
termine whether the classification has an 
information basis. Compared to chemical 
composition analysis, using NIR spectros-
copy is more convenient, and spectrum 
similarity analysis methods, such as PPF, 
can be more effective because of the 
serious overlap of near-infrared spectra.  
The proposed method has possible ap-
plications for other agricultural products.

TABLE VII: Sources of the main absorption bands in 4200~5200 cm-1 (29)

Wavenumbers (cm-1) Vibrational Group Organic Groups

4250~4350 4252 3×C-H def. Cellulose

4261 CH2 sym. str.+ =CH2 def. HC=CHCH2

4281 C-H str.+ C-H def. Cellulose

4305 C-H str.+ C-H def. CH2

4329 C-H str.+ C-H def. CH2

4359 N-H str.+ C=O str. Amino acid

4700~4800 4739 N-H sym. str.+amide III CONH2.CONHR

4762 2×O-H def.+ 2×C-O str. starch

4808 O-H str.+ O-H def. ROH

5100~5200 5102 N-H asym. str.+ amide II CONH

5128 3×C=O str. -COOR

5155 O-H str. + O-H def. H2O

5208 2×C=O str. CONH

Notes: “2×” and “3×”: first-order multiplier and second-order multiplier (the vibrational fre-
quency is 2 and 3 times the fundamental frequency), respectively; “str.” and “def.”: telescopic 
vibration and deformation vibration, respectively; “sym” and “asym”: symmetric vibration and 
asymmetric vibration, respectively; “amide II(III)”: amine groups and carbonyl groups coupled 
together differently in amide molecules.
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FIGURE 3: SNV-preprocessed NIR spectra.

TABLE VI: The external validation results of three origin groups

Origins groups PL GY YL

PL 100.00 0.00 0.00

GY 0.00 100.00 0.00

YL 0.00 0.00 100.00

Total CDR (%): 100.00 Total IDR (%): 0.00
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FIGURE 4: Display of segmented spectra.

TABLE VIII: Spectral characteristics of the origin groups in different  
frequency ranges

Wavenumbers (cm-1) 4250~4350 4700~4800 5100~5200 

PL low high low

YL high low middle

GY high low high
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Exploring the Potential of the Yb(III)
(HE)4 Complex for Oncotherapy 
Using UV-vis Spectroscopy

In pH 7.4, the UV-vis spectra showed 
that ytterbium (III) could react with the 
hematoxylin (HE) compound to form a 
binary complex, and that the complex 
also could interact with herring sperm 
DNA. Through analysis of the molar 
ratio, hematoxylin to ytterbium is 4:1, 
and the Yb(HE)4 complex to DNA is 
10:1. Meanwhile, by means of the ther-
modynamic study, the enthalpy driving 
force of the reaction of the Yb(III)(HE)4 
complex with DNA is obtained. In fluo-
rescence spectroscopy, the nontoxic 
4S Green Plus nucleic acid dye was 
used as a probe to prove the mode of 
the Yb(III)(HE)4 complex interaction 
with DNA. In addition, the interaction 
between the Yb(III)(HE)4 complex and 
DNA was further determined by using 
the Scatchard method, which indicated 
that there is electrostatic interaction 
between Yb(III)(HE)4 and DNA, in-
cluding intercalation. Therefore, it is 
expected that this rare earth complex 
may have good anti-tumor properties.

Mingbin Liu, Suqin Wang, Jiamei Pu, Zhuzhi Zhang, 
Weihua Zhao, Lin Cao, and Hongbo Li 

Cancer has been regarded 
as  the leading threat  to 
human health, causing one in 

eight deaths around the world (1,2).  
Because changes in oncogenes and 
tumor suppressor genes are events at 
the level of nucleic acid molecules, nucleic 
acid detection is extremely important in 
the diagnosis and treatment of cancer (3). 
With the development of life sciences,  
researchers have discovered that changes 
in oncogenes and tumor suppressor 
genes are events that occur at the nucleic 
acid molecular level. Therefore, the study 
of the structure and function of DNA is 
of great importance in the diagnosis 
and treatment of some cancers (4–6).  
The molecular structure of DNA, as well 
as its characteristics, are closely related to 
environmental factors, such as tempera-
ture and pH (7). When the environment 
changes, the sequence of DNA base pairs 
and the interaction between hydrogen 
bonds and the interaction force between 
the phosphate groups will change accord-
ingly, including a change in the interac-
tion between the complex molecules and  
the DNA.

Figure 1 shows the molecular struc-
ture of hematoxylin. Hematoxylin (HE) is 
a natural dye extracted from the dried 
branches of the tree, Haematoxylum 
campechianum, and is mixed with ether. 

HE is one of the most bioactive flavo-
noids in existence and possesses strong 
coordinating qualities (8). It is well known 
that flavonoids have a variety of biologi-
cal effects in numerous mammalian cell 
systems such as antiviral, anti-allergic, 
anti-platelet, anti-inflammatory, and anti-
tumor activities, and possibly even pro-
tective effects against chronic diseases 
(9,10). Because of the existence of a pla-
nar ring system, many polycyclic aromatic 
hydrocarbons and their derivatives can 
intercalate into DNA, thereby disrupting 
the normal function of cellular DNA, and 
some even exhibit anticancer activity. 
Studies in recent years have shown that 
HE has a significant inhibitory effect on 
gastric cancer (11). Therefore, the study of 
the binding between the HE complex and 
DNA is very useful for exploring the phar-
macology of this complex and provides 
guidance for the design of new and more 
effective anticancer drugs.

Rare earth metal elements have been 
called the vitamins of industry and have 
become a key resource for development 
in various countries. In recent years, rare 
earth elements have attracted more 
research attention because of their im-
portant pharmacological effects, espe-
cially the role of rare earth complexes in 
anticancer activity (12). Rare earth metals 
combine with small molecules to form 
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complexes, which help reduce the toxicity of the earth metals 
and allows for further research on anticancer drugs (13). 

In general, the majority of current assays used to study the 
binding of DNA to other complexes are mainly dependent on 
fluorescence spectroscopy (14), ultraviolet (UV) spectropho-
tometry (15), electrophoresis (16), liquid chromatography–mass 
spectrometry (LC–MS) (17), and electrochemical methods (18). 
Because the methods of ultraviolet–visible (UV-vis) spectros-
copy and fluorescence spectroscopy are sensitive, fast, and 
simple, they are considered to be effective methods (19).  
In this work, the interaction between the Yb(III)(HE)4 complex 
and DNA was investigated systematically by UV-vis absorp-
tion, fluorescence spectroscopy, electrochemical methods, 
and viscosity methods, which provided an experimental 
basis for studying the thermodynamics relationship and the 
action mode between the Yb-complex and DNA. The study 
of these reaction mechanisms will provide some theoretical 
guidance for the development of efficient, safe, and stable  
anticancer drugs.

Experimental
Chemicals and Materials 
Herring sperm DNA, YbCl3,·6H2O, and acridine orange (AO) 
were obtained from the Sigma-Aldrich Corporation. HE was pur-
chased from Regal Biology Technology Co, Ltd. 4S Green Plus 
nucleic acid was obtained from Sangon Biotechnology Co. Ltd. 
All other chemicals were of analytical grade and used without 
further purification. An ultra-pure Milli-Q water system was used 
as the water source.

Instrumentation 
The absorption spectra were recorded using a U-3900H spec-
trophotometer (Hitachi Co. Ltd.)., and the fluorescence spectra 
were recorded by employing a F-7000 fluorescence photom-
eter (Hitachi Co. Ltd.). Cyclic voltammetric measurements were 
conducted using a CHI 760E electrochemical system (CHI Co. 
Ltd.). Viscosity measurements were performed using a Cone and 
plate viscometer DVII +Pro (Brookfield Co. Ltd.). The measure-
ment of the pH values was carried out with a FE20K pH-meter  
(Mettler-Toledo Co. Ltd.). In fluorescence, both excitation and 
emission bandwidths were set at 10 nm, λex= 490 nm.

The UV Spectrometric Absorption Spectra 
In a series of 10 mL colorimetric tubes, a certain molar 
concentration of HE, Yb(III), DNA, HE-Yb(III), HE-DNA, 
Yb(III)-DNA, and Yb(III)-HE-DNA solution was added, re-
spectively. The volume of the seven samples was set to 
10 mL with PBS buffer solution (pH = 7.40), and solutions 
were adjusted, mixed, and allowed to stand for 10 min 
to measure the UV absorption spectrum of each sample.

The ratio of YB(III) to HE and the ratio of YB-HE com-
plex to hsDNA were determined using spectrophoto-
metric titration. The concentration of the fixed substrate 
also gradually increases the concentration of the ligand 

TABLE I: Data of Scatchard equation of the interaction between Yb(III) (HE)4 and hsDNA

Curve CYb(III) HE4 / CDNA CNaCl, mol/L Scatchard Equation K, L/mol n

a 0.00 0.00 5.71×104 – 4.45×107r 4.45×107 0.0013

0.05 4.63×104 – 3.99×107r 3.99×107 0.0012

b 0.20 0.00 2.73×104 – 5.56×107r 5.56×107 0.0049

0.05 6.76×104 – 4.77×107r 4.77×107 0.0014

c 0.40 0.00 3.43×104 – 4.94×107r 4.94×107 0.0069

0.05 10.33×104 – 5.21×107r 5.21×107 0.0020

d 0.60 0.00 7.37×104 – 4.28×106r 4.28×107 0.0017

0.05 2.19×104 – 4.74×107r 4.74×107 0.0005

http://www.teamwavelength.com
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substance. Each injection volume is 
10 μL, the volume effect is very small 
and can be ignored.

The Fluorescence Spectra 
To a series of 10 mL colorimetric tubes, 
certain molar volume of 4S Green Plus 
or HE-Yb(III) solution was added, and so-
lutions were diluted to the 10 mL mark 
with pH 7.40 PBS buffer solution. Then, 
4S Green Plus (2.5 × 10-5 mol/L, 3.5 mL) 
solution in a 1 cm pathlength cuvette was 
titrated by adding successively 10 μL of 
hsDNA, and the volume effect was so 
small that it could be ignored. After each 
addition, the fluorescence was recorded. 
The same process as above was carried 

out to the 4S Green Plus and DNA sam-
ple, which was added with 10 μL of HE-Yb 
(III) solution in succession. The excitation 
wavelength of 4S Green Plus is 490 nm, 
the scanning range is 450–700 nm, the 
voltage is 400 V, and the slit width was 
set to 10 nm.

Electrochemical Method
The required working electrode is pre-
treated. The working electrode is pol-
ished with Al2O3 powder, and then it 
washed with anhydrous ethanol and ul-
trapure water for 2–3 times, respectively. 
Preparing a certain concentration of HE-
Yb(Ⅲ) solution with a difference concen-
tration of DNA, the cyclic voltammetry 

curve is obtained by an electrochemical 
workstation, the scanning range is -0.5–
0.5 V, and the scanning speed is 0.05 V/s.

Viscosity Measurements 
Viscosity measurements were performed 
using a viscometer, which was immersed 
in a thermostated water bath. Different 
amounts of Yb(III)(HE)4 complex were 
added into the viscometer while keep-
ing the concentration of DNA constant.  
The flow times of the samples were re-
peatedly measured three times with an 
accuracy of ± 0.20 s by a digital stop-
watch. The value of relative viscosity  
(ƞ/ƞ0) was plotted against Yb(III)(HE)4 
complex, where ƞ and ƞ0 are the viscos-
ity of DNA in the presence and absence 
of the complex, respectively. 

Results and Discussion
UV-vis Spectroscopic Characteristics
The UV-vis absorption spectra of Yb(III), 
HE, DNA, and its mixture were mea-
sured in the wavelength range of 350 
to 800 nm at room temperature. Figure 
2 exhibited that the samples in the ab-
sence of HE can only cause negligible re-
sponse in the specified wavelength range 
(curve e, f, and g), and when only HE is 
present in the sample (curve c), a signifi-
cant absorption peak can be observed.  
Upon adding DNA to the sample con-
taining HE (curve d), a significant signal 
reduction occurs because of the combi-
nation of DNA and HE. However, add-
ing Yb(III) to the HE sample markedly 
increases the absorption intensity of HE 
at 558 nm (curve b), and we observe that 
curve b has a 3 nm blue shift compared to 
curve d, which indicated the formation of 
a complex between Yb(III) and HE. After 
mixing Yb(III)-HE complex and DNA, 
the UV absorption intensity increases 
as shown in curve a, while the weak UV 
absorption of the DNA alone is shown 
in curve f, which fully indicates that the 
Yb(III)-HE complex reacts with DNA.

Determination of the Binding
Ratio of HE and Yb(III)
Absorption spectra were obtained by 
titrating the HE solution with the Yb(III) 
solution. The results presented in Figure 
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3a indicate that the peak absorption intensity at 558 nm of the 
solution gradually increases with the successively microscale ad-
dition of rare earth Yb(III) ions, which indicates that HE reacts with 
Yb(III) to form a new complex, verified because the absorbance 
of only the Yb(III) ions solution was nonexistent at about 558 nm.

To obtain the stoichiometry of the compound, we used the 
mole ratio method. As shown in Figure 3b, it could be concluded 
that the molar ratio of HE to Yb(III) is 4:1. According to the Beer-
Lambert law: A = εbc. The ε value of the Yb(III) (HE)4 complex is 
3.49 × 104 L/mol ·cm.

Absorption Spectra of
Yb(III) (HE)4 and hsDNA 
UV-vis spectroscopy is an effective and convenient method to 
study the interaction between small molecules and nucleic acid. 
The interaction of Yb(III)(HE)4 complex with hsDNA has been 
studied with UV spectroscopy to investigate the possible bind-
ing mode and calculate the binding constants. Each time 10 μL of 
2 × 10-5 M hsDNA was added to the Yb(III)(HE)4 complex solution, 
the UV-vis spectrum of the solution was recorded. As shown in 
Figure 4a, the absorption intensity of Yb(III)(HE)4-DNA solution 
gradually increases with an increase of the amount of DNA. This 
result indicates that Yb(III)(HE)4 can bind and react with hsDNA.

The intensity of the absorption peak was used to determine the 
binding ratio at 558 nm. As seen from Figure 4b, the mole ratio of 
Yb(III)(HE)4 complex to DNA is 10:1. According to the Beer-Lambert 
law: A = εbc (b = 1 cm), The molar absorption coefficient ε of Yb(III)
(HE)4–DNA is 2.73 × 105 L/mol·cm.

Thermodynamics Study by the
Double-Reciprocal Method 
To investigate the thermodynamic result of the interaction 
between the Yb(III)(HE)4 complex and DNA, ultraviolet-visible 
spectroscopy was generally used. The UV absorption spectrum 
of the Yb(III)(HE)4 complex was determined when the hsDNA 
solution was successively added at the temperatures of 298.15 
K and 310.15K, respectively. The following double-reciprocal 
equation was employed (20):

1/(A - A0) = 1/A0 + 1/(K × A0 × CDNA)                       [1]

where A0 and A are the absorbance of the Yb(III)(HE)4 com-
plex in the absence and presence of DNA, respectively. K 
is the binding constant between Yb(III)(HE)4 complex and 
DNA, CDNA is the concentration of DNA. Thus, the dou-
ble reciprocal plot of 1/(A-A0) and 1/CDNA was obtained  
(Figure 5), then K was obtained from the ratio of the intercept 
to the slope. The values of K at two temperatures (298.15 K, 
310.15 K) were demonstrated: Kθ

310.15K = 4.30 × 105 L·/mol; 
Kθ

298.15K = 1.48 × 106 L·/mol.
If temperature changes slightly, the enthalpy change 

(ΔrHm) could be considered to be a constant. Then, the value 
of ΔrHm

θ and entropy change (ΔrSm
θ) can be determined from 

the van’t Hoff equation:

lgKθ = ΔrHm
θ/(2.303RT) + ΔrSm

θ/(2.303R)                [2]

where K and R represent the binding constant and gas 
constant, respectively. By calculation, ΔrHm

θ = -7.52 × 
104 J/mol and ΔrSm

θ = -134.70 J/mol·K. The free en-
ergy change (ΔrGm

θ) was estimated from the following  
relationship:

ΔrGm
θ = –RTlnK = ΔrHm

θ – TΔrSm
θ                    [3]
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with the value of ΔrGm
θ being ΔrGm

θ
298.15K = 

–3.52 × 104 J/mol; ΔrGm
θ
310.15K = –3.34 × 104 

J/mol; and ΔrGmθ < 0. Therefore, the inter-
action between Yb(III)(HE)4 and DNA could 
occur spontaneously. Because ΔrSm

θ < 0 
and ΔrHm

θ < 0—it was speculated that the 
reaction was an enthalpy-driven reaction.

Fluorescent Probes to Explore
Interaction of Yb(III)(HE)4 and DNA 
Nowadays, fluorescent probe tech-
nology can be used for studying the 
interaction between nucleic acids and 
complexes. After the interaction of small 

molecules and DNA, the fluorescence 
spectrum will show energy transfer.  
From this phenomenon, a lot of useful 
information can be obtained (21). Among 
these, 4S Green Plus nucleic acid dye is a 
nontoxic and noncarcinogenic substance. 
The interaction between 4S Green Plus 
and DNA is embedded in the DNA se-
quence. The dye plays an important role 
in studying the interaction mode between 
functional molecules and DNA. When the 
nucleic acid dye is mixed with hsDNA, the 
fluorescence spectrum can be recorded. 
Figure 6a shows that the fluorescence in-

tensity at 520 nm also increased after the 
hsDNA solution was added to 4S Green 
Plus, which indicated that the nucleic acid 
probes had inserted into the hsDNA.

Although DNA has a natural fluores-
cence, the intensity is so weak that it is 
limited to study the interaction between 
drug molecules and DNA. We usually use 
fluorescent probes to explore its mecha-
nism. There are mature nucleic acid probes 
that were used to carry out the research, 
such as ethidium bromide, gold view, and 
syber green I. These probes are nonspe-
cific probes that intercalate deoxyribo-
nucleic acid molecules. If the Yb(III)(HE)4 
complex has the same binding mode with 
DNA as well as 4S Green Plus-DNA, then 
there is a competitive mode between 4S 
Green Plus and the Yb(III)(HE)4 complex 
with DNA, and as a result, the intensity 
of the fluorescence spectrum would be 
reduced. The decrease of fluorescence 
intensity in Figure 6b indicated that the 
Yb(III)(HE)4 complex could squeeze off 4S 
Green Plus form DNA. This result indicates 
that the binding mode between the Yb(III)
(HE)4 complex and hsDNA is intercalation.

Scatchard Method 
Studying the binding mode between 
Yb(III)(HE)4 complex and hsDNA is crucial 
for understanding the mechanism of ac-
tion of drug molecules. Thus, an acridine 
orange (AO) probe was used to study the 
interaction of Yb(III)(HE)4 complex and 
DNA according to the Scatchard equation 
(22). The Scatchard equation expresses the 
binding of AO–DNA in the presence of a 
Yb(III)(HE)4 complex:

rAO/cAO = K(n – rAO)                [4]

where rAO refers to the molecular amount 
of bound AO to total nucleotide concen-
tration, cAO is the concentrations of free 
AO, n is the number of binding sites of 
DNA, and K is the intrinsic binding con-
stant of AO–DNA.

There are different concentrations of 
the Yb(III)(HE)4 complex (Rt = Yb(III)(HE)4/
cDNA; Rt = 0, 0.2, 0.4, 0.6, respectively). 
When a drug binds to DNA by intercala-
tion mode, the K value in the Scatchard 
plot would change but the n value would 
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not. When a drug binds to DNA by non-
intercalation mode, the n value would de-
crease but the K value would not change,  
when a drug binds to DNA by both inter-
calation and non-intercalation mode, both 
K and n value would change (23).

Figure 7a and 7b display Scatchard plot 
charts that show the absence of sodium 
chloride (NaCl) and the presence of NaCl. 
According to the Scatchard equation, the 
values of n and K were listed in Table I.  
The strong electrolyte sodium chloride 
(cNaCl = 5.00 × 10-3 mol/L) was used in 
Scatchard studies to test if there was elec-
trostatic binding between Yb(III)(HE)4 com-
plex and DNA (24). As seen in Figures 7a 
and 7b, the values of both n and K changed 
when increasing Rt value. It suggests that 
the interaction sites of Yb(III)(HE)4 and AO 
are not identical, when a binding mode 
mixed between DNA and the complex. As 
shown in Table I, the values of n in the pres-
ent of NaCl are basically lower than those 
in the absence of NaCl, it suggests that 
there are also electrostatic binding mode 
between the Yb(III)(HE)4 and hsDNA.

Electrochemical Method 
Electrochemical method can also provide 
good information in studying the interac-
tion between DNA and other molecules. 
The internal base pairs of denatured 
DNA can undergo significant redox reac-
tions and enhance electrical signal (25).  
When cyclic voltammetry was used to 
study the mode of action of pharmaceuti-
cal molecule and DNA, it was considered 
that the positive shift of the peak potential 
was the intercalation binding, while the 
negative shift of the peak potential was the 
electrostatic combination (26). Scanning 
Yb(III)(HE)4 complex solution in the pres-
ence of different concentrations of DNA 
with a working electrode (gold electrode) 
at a scan rate of 0.05 V/s in the range of 
−0.5V to + 0.5 V. Figure 8 shows the whole 
peak moved up and the current increased. 
This experiment result proved that the 
Yb(III)(HE)4 complex binded to DNA by an 
intercalation form.

Viscosity Method 
Optical photophysical probe is necessary 
but not a sufficient condition for the judg-

ment of binding mode, whereas hydrody-
namic measurements is sensitive to the 
length change (27,28), it is regarded as the 
most critical tests of a binding model in 
solution. Thus, to further clarify the inter-
action between Yb(III)(HE)4 complex and 
DNA, viscosity measurements were per-
formed. A classical intercalation model is 
known to cause a significant increase in 
the viscosity of the DNA solution because 
of the length of the DNA helix being in-
creased. In contrast, a partial or non-clas-
sical intercalation mode could bend the 
DNA helix and reduce its effective length. 
Hence, non-intercalation binding causes 
no obvious increase in the viscosity of a 
DNA solution (29). As illustrated in Figure 
9, the relative viscosity of DNA steadily 
decreases with the addition of Yb(III)(HE)4 
complex. The reason is related to Yb(III)
(HE)4 being partially inserted into the 
DNA base pairs and the DNA secondary 
structure was changed, which decreased 
its effective length. Such behavior further 
suggested that a intercalation binding 
should be the interaction mode of the 
Yb(III)(HE)4 complex with hsDNA.

Conclusion
The interaction between Yb(III)(HE)4 com-
plex and hsDNA has been studied by 
spectral analysis, cyclic voltammetry, and 
the viscosity method. The findings dem-
onstrated that the binding mode between 
Yb(III)(HE)4 complex and DNA are intercala-
tion binding and electrostatic binding. And 
the complexation ratio of HE and Yb(III) 
was determined to be 4:1 by the molar ratio 
method. The complexation ratio between 
the Yb(III)(HE)4 complex and DNA was 10:1. 
The main driving force between Yb(III)(HE)4 
complex and DNA is enthalpy driven. 
These data provided important biophysi-
cal information related to the structure–ac-
tivity relationship, which helps understand 
the nature of the complex binding to DNA 
and provides references for the develop-
ment of new anticancer drugs.
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Fingerprinting of Mineral Medicine 
Natrii Sulfas by Fourier Transform 
Infrared Spectroscopy

Fourier transform infrared spectros-
copy (FT-IR) was used to examine 20 
batches of the mineral medicine natrii 
sulfas (NS) to establish its reference 
point and fingerprint it using the com-
mon peak patterns in the spectra of 
the samples. The correlation coeffi-
cient, corner cosine, and peak location 
averages were then used to evaluate 
the similarities between the spectra.  
The fingerprint was verified through 
cluster analysis of four batches of the 
mineral medicine. Finally, it was con-
firmed that fingerprinting is a facile, 
rapid, and accurate method for the 
quality control of NS.

Wu Xiang-qin, Sun Fei, Yan Wei, Chen Lei,  
Wang Shu-mei, and Liang Sheng-wang

Natrii sulfas (NS) is a transparent 
and lustrous crystal that primarily 
contains sodium sulfate decahy-

drate and is crystallized from sulfate min-
erals. NS is used as a medicine to help relax 
the bowels and soften stool; as a matter of 
clinical practice, it is also utilized for treat-
ing heat stagnation and abdominal dis-
tention and pain (1). Recent clinical reports 
suggested that topical NS can be used for 
curing intestinal obstruction (2) and phle-
bitis (3), and for other therapeutic applica-
tions. However, effective techniques for 
the quality control of NS are lacking in the 
existing literature. The traditional qualita-
tive analysis method can only be used for 
identifying ions (4,5), which is inadequate 
because the method lacks specificity and 
cannot discern NS and medicines with 
similar compositions.

Modern instrumental methods includ-
ing chromatography and spectroscopic 
techniques have been employed for the 
analysis and quality control of traditional 
Chinese medicine (TCM). Among the 
qualitative methods, infrared (IR) spec-
troscopy is the most common method for 
quality control of TCM (6,7). Compared to 
conventional chromatographic methods, 
IR spectroscopy facilitates rapid and loss-
less sample analysis with minimal sample 
preparation (8). Fourier transform infrared 
(FT-IR) spectroscopy is used to identify 

chemical substances based on the ab-
sorption of different frequencies of light 
that correspond to molecular vibration 
frequencies, thereby providing detailed 
information on the molecular structure and 
material composition. TCM is a complex 
branch of medicine, and FT-IR spectros-
copy can provide its overall characteristics 
and macroscopic fingerprints (9–11). FT-IR 
spectroscopy is a simple, convenient,  
and rapid analysis technique; therefore, it 
is widely used for identifying TCM (12–17). 
In this study, it is proven that FT-IR finger-
printing provides a convenient, rapid, and 
accurate method for the quality evaluation 
and control of NS.

Materials and Methods
Instruments and Materials
Potassium bromide was supplied by the 
Guangzhou Chemical Reagent Factory 
(Batch number: 20130601-1) and sodium 
sulfate was obtained from Sinopharm 
Chemical Reagent Co., Ltd. (Batch number: 
20150212). FT-IR spectra were obtained 
using the Bruker Tensor 37 FT-IR spec-
trometer and were processed by an Opus 
acquisition system. Samples were dried 
using a WS70-1 infrared dryer, which were 
then pressed into tablets by a FW-5 pel-
letizer. An AY120 Shimadzu electronic bal-
ance and a BP211D Sartorius electronic bal-
ance were used for weighing the samples. 

Spectroscopy papers have undergone a double-blind peer review process and are available on our open-access website.
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Agate mortars were utilized to prepare the 
samples, and the 24 batches of samples 
(Table I) were gathered from pharmacies 
with the content of NS being determined 
by the 2015 Chinese Pharmacopoeia.  
The data was processed using the statisti-
cal package SPSS 20.

Determining the Content of Natrii  
Sulfas in 24 Batches of Samples
The process for determining the 
content of NS is a multistep one (1).  
A small amount of sample (0.4 g) was 
dissolved in distilled water (200 ml). 
Subsequently, 1 mL of hydrochloric 
acid was added to this solution, and it 
was stirred until it boiled. Simultane-
ously, a hot barium chloride test solu-
tion (20 mL) was added until no more 
precipitates were observed. Then, the 
reaction solution was heated on a water 
bath for 30 min and filtered through 
ashless filter paper after standing for 
1 h. The precipitate was then washed 
with water until the washing liquid 
showed no trace of chlorides. Then, the 
precipitate was dried and then burned 
until a constant weight was obtained. 
The final weight was multiplied by 
0.6086 to obtain the weight of sodium 
sulfate in the test sample. The data was 
processed using SPSS 20.

Preparation of Samples
To prepare the samples, potassium bro-
mide was added to the sample (18,19). 
The ratio of potassium bromide to the 
sample was 1.5:1 (w:w). The sample was 
then milled and pressed to form a tablet 
(150 mg potassium bromide per tablet) 
for testing. This process was conducted 
at a temperature of 20 oC and at a relative 
humidity of 40%. The FT-IR spectra were 
obtained under the following conditions: 
scanning area = 400–4000 cm-1; resolution 
= 4 cm-1; diaphragm aperture = 6 mm; and 
scan repetitions = 16. Baseline correction, 
curve smoothing, and background correc-
tion were accomplished using Opus.

Establishing the Fingerprint
The 20 samples (M1–M20) established 
the average fingerprint of NS using 
the SPSS 20. The average fingerprint 

was obtained based on the wavenum-
ber and transmittance of the com-
mon peaks in the spectra of the 20 
batches of NS samples. In addition, 
the remaining 4 batches of samples 
(M21, B1, B2, S1) were selected as the 
validation set. Cluster analysis was 
utilized for examining the average 
fingerprint of NS.

Results and Discussion
The experimental conditions of IR 
measurement for NS were stringent 
because its water of crystallization 
can easily effloresce in the air (20).  
Therefore, to prevent the disappear-
ance of the characteristic region of NS 
in its FT-IR spectrum, the diluent was 
mixed with NS twice prior to tableting. 
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FIGURE 1: (a) Comparison between the Fourier-transform infrared spectra of 
20 batches of natrii sulfas (sodium sulfate, Na₂SO₄) (M1–M20). There are eight 
strong peaks in the range of 400–4000 cm-1; (b) Fourier-transform infrared 
fingerprint of natrii sulfas. The wave numbers corresponding to the eight mu-
tual peaks, which are the characteristic peaks of the Fourier-transform infra-
red fingerprint, are 3551, 3476, 3416, 1626, 1118, 620, 477, and 422 cm-1.
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Analyzing the FT-IR Spectra
NS is a type of sulfate mineral medicine 
containing inorganic sulfate radicals 
(18,21). The tetrahedral structure of inor-
ganic sulfate radicals leads to three char-
acteristic regions in the FT-IR spectrum, 
which include antisymmetric stretching 
vibration (1112 cm-1), asymmetric defor-
mation vibration (637 cm-1 and 616 cm-1), 
and symmetric deformation vibration (478 
cm-1 and 448 cm-1). Moreover, the wide ab-
sorption peak near 3400 cm-1 (3550 cm-1 to  
3416 cm-1) corresponds to antisymmetric 
and symmetric stretching vibration of water 
molecule, and the sharp absorption peak 

(1637 cm-1 and 1618 cm-1) corresponds to  
deformation vibration.

Validation of the Analysis
The precision, repeatability, and stability 
tests were performed on the same sam-
ple (M15). The relative standard deviations 
(RSDs) of the wavenumber and transmit-
tance represented by the common peaks 
in each precision test are all less than 0.23% 
and 1.63%, respectively. In the repeatabil-
ity test, these values were less than 0.46% 
and 2.89%, respectively. In the 12-h stabil-
ity test, these values were less than 0.36% 
and 2.72%, respectively. These results 

validate the accuracy and reliability of the  
analysis method.

Determination of Common Peaks
in the FT-IR Spectra of Natrii Sulfas
Analyzing the FT-IR spectra of 20 batches 
of NS samples (M1–M20), the peaks are 
observed at (3551 ± 6) cm-1, (3476 ± 5) cm-1, 
(3416 ± 2) cm-1, (1626 ± 16) cm-1, (1118 ± 9) 
cm-1, (620 ± 19) cm-1, (477 ± 9) cm-1, and (422 
± 4) cm-1, as shown in Figure 1a. Therefore, 
the wavenumbers corresponding to the 
eight common peaks are 3551, 3476, 3416, 
1626, 1118, 620, 477, and 422 cm-1 (Table II), 
which represent the characteristic peaks in 
the FT-IR fingerprint of NS (Figure 1b). 

Evaluation of the Similarity of 
FT-IR Spectra of Natrii Sulfas
The correlation coefficient and the corner 
cosine of each sample were calculated by 
distance analysis with respect to the aver-
age transmittance of common peaks in the 
FT-IR spectra of 20 NS samples (22–24).  
The results are shown in Table III, which in-
dicate that the correlation coefficient and 
corner cosine of each sample are above 
0.8430 and 0.8881, respectively. The aver-
age value of correlation coefficient and 
corner cosine is above 0.8994.

The Verification of FT-IR 
Fingerprint of Natrii Sulfas
The FT-IR spectra of samples M21, B1, B2, 
and S1 were compared with the fingerprint 
of NS. The shape and position of peaks in 
FT-IR spectra of M21 are basically the same 
as that in FT-IR fingerprint of NS, but the 
FT-IR spectra of B1, B2 and S1 are com-
pletely different (Figure 2). Further, the sim-
ilarity mean of correlation coefficient and 
corner cosine of B1, B2, and S1 samples 
is less than 0.8994. By contrast, the simi-
larity mean of correlation coefficient and 
corner cosine of M21 is 0.9827 (Table IV).  
However, the spectrum of S1 is slightly 
similar to the fingerprint of NS, which may 
be attributed to the characteristics of sul-
fate mineral medicine. These four batches 
of samples belong to sulfate mineral 
medicine, which caused the appearance 
of characteristic peaks of inorganic sulfate 
groups at 1115 cm-1, 669 cm-1, 601 cm-1,  
459 cm-1, and 426 cm-1. Based on the com-

TABLE I: Relevant information of the 24 batches of samples

Number Batch 
Number Production Region Content 

(%) Name

M1 2013001 Henan province, China 101.44 Natrii sulfas

M2 - Guangdong  
province, China 99.04 Natrii sulfas

M3 - Guangxi province, China 99.59 Natrii sulfas

M4 20140617 Beijing, China 103.02 Natrii sulfas

M5 141022041 Hubei province, China 100.66 Natrii sulfas

M6 - Guangdong  
province, China 104.18 Natrii sulfas

M7 121210 Guangxi province, China 99.16 Natrii sulfas

M8 - Sichuan province, China 105.26 Natrii sulfas

M9 20140109 Shanxi province, China 121.85 Natrii sulfas

M10 20140801 Shandong province, China 99.6 Natrii sulfas

M11 14111301 Guangxi province, China 105.95 Natrii sulfas

M12 - Guangdong  
province, China 99.7 Natrii sulfas

M13 140801 Shanxi province, China 109.75 Natrii sulfas

M14 131001 Hubei province, China 100.27 Natrii sulfas

M15 150116 Shanxi province, China 99.16 Natrii sulfas

M16 150424 Shanxi province, China 100.77 Natrii sulfas

M17 150228 Henan province, China 99.14 Natrii sulfas

M18 DL113140505 Guangxi province, China 100.87 Natrii sulfas

M19 - Sichuan province, China 99.71 Natrii sulfas

M20 12120300 Guangxi province, China 101.76 Natrii sulfas

M21 130301 Sichuan province, China 102.56 Natrii sulfas

B1 20131101 Shandong province, China 56.55 Alumen

B2 20141001 Henan province, China 46.27 Alumen

S1 20140401 Shanxi province, China 61.6 Gypsum 
Fibrosum

Note: 24 batches of samples were gathered from pharmacies. The percentage content of 
sodium sulfate in M1–M21 samples are above 99.0%, but that in B1, B2, and S1 samples are 
56.55%, 46.27%, 61.6%, respectively. Natrii sulfas have variation as compared to other mineral 
medicines in terms of specific ingredients.
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parison of the spectra and the values of 
correlation coefficient, corner cosine, and 
their average, it can be concluded that B1, 
B2, and S1 are not NS. These results verify 
the reliability of the fingerprint of NS.

Clustering Analysis of 
the FT-IR Fingerprint 
Considering the value of corner cosine from 
eight common peaks in the fingerprint of 
NS as a metric, we conducted the group 
clustering analysis using SPSS 20 (25–31). 
According to the experimental results, 24 
tested samples can be roughly divided 
into two categories (Figure 3). The first cat-
egory includes the M1–M21 samples, and 
the second one includes B1, B2, and S1.  
The consistency between the results of 
clustering analysis and verification based 
on similarity measurement confirm that the 
FT-IR fingerprinting facilitates rapid, precise, 
and accurate identification of NS.

Conclusion
We experimentally analyzed the sulfate 
mineral medicine NS by FT-IR spec-
troscopy combined with fingerprint 
technology. The FT-IR fingerprint of NS 
was established through spectrum pro-
cessing techniques with pattern analysis 
and recognition. Eight common peaks 
were observed in the FT-IR fingerprint 
of NS at 3551 cm-1, 3476 cm-1, 3416 cm-1,  
1626 cm-1, 1118 cm-1, 620 cm-1, 477 cm-1, 
and 422 cm-1. The spectral characteristics 
of minerals were primarily influenced by 
charge transitions or ion movements, 
which in turn affected the crystal struc-
ture. The differences in the chemical 
composition, mineral particles, surface 
morphology, incident light, reflected 
light, and the combined phase angle 
of the mineral medicine can be inferred 
(32). Although the infrared spectrum of 
the mineral medicine was mainly com-
posed of sulfate group mode, the peak 
shape, peak number, and peak position 
in the infrared spectra of NS, alumen, 
and gypsum fibrosum were still differ-
ent. This may be attributed to their dif-
ferent crystal structure, cation radius, 
and composition, which can even lead 
to peak splitting. Combined with cluster 
analysis, NS could be classified into a cat-

egory, which was different from alumen 
and gypsum fibrosum.

Furthermore, the comparison be-
tween the spectra of each NS sample 
and the FT-IR fingerprint of NS revealed 
that the value of correlation coeffi-
cient, corner cosine, and their average 
are above 0.8430, 0.8881, and 0.8994.  
Overall, the FT-IR fingerprinting of NS fa-
cilitates a convenient, rapid, and accurate 
method for the quality evaluation and 
control of NS. Further, our results indi-
cate the practicality of FT-IR technology 
in TCM research.
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With the increase in COVID-19, there is an increase in R&D activities concerned with drug dis-
covery by pharmaceutical and biotechnology companies, and consequently the demand for 
molecular spectroscopy. The good news is that there are many molecular spectroscopy types 
that can assist in this work, including Raman, fluorescence, NIR, and FTIR.

However, the challenges seen from an instrumentation perspective include limited production 
and supply chain issues due to national lockdowns, general awareness of the possibilities that 
multiple techniques can overlap and what that can offer, skilled staff, and initial instrumentation 
cost given restricted laboratory budgets and the regulatory requirements.

Alistair Rennie, Head of Product, Edinburgh Instruments

Because of the specificity of molecular spectroscopy, the challenge is providing a common 
language, platform, and set of tools. For example, the customer is wondering what concentration 
of X is detectable. But how is that “detection” defined? What is “detection limit” to them? 

Further, when an industrial customer says they need to detect X at some level, they often omit 
details, like they need it 24/7, amidst fluctuating temperatures, pressures, and more. With field 
experience, it’s possible to guide the customer through the issues—and once the customer 
understands, it’s possible to scenario-plan and craft the solution.

Steve Buckley, General Manager, Applied Systems, Ocean Insight

One of the biggest challenges in infrared spectroscopy is finding new ways to minimize 
error, increase efficiency, and make consistent measurements. These challenges could be 
addressed by increasing the number of samples run per day, or, in diffuse or specular reflection 
applications, scan continuously over a large area of non-homogeneous samples to average out 
spectral variability. This is where automation can help. 

PIKE Technologies offers many automated accessories, covering all sampling techniques, 
including ATR, dif fuse/specular reflection, and transmission. These accessories are 
programmable, and let spectroscopists focus on principal tasks, while the computer takes 
care of routine measurements, data storage, and record management.

Jenni Briggs, Applications Engineer, PIKE Technologies
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VENDOR PERSPECTIVES

What do you think is one of the biggest challenges currently  
facing molecular spectroscopy?

A vital aim in spectroscopy is to convey the advantages of Raman microscopy to the wider 
scientific community. Many fields accustomed to other techniques could benefit greatly from 
its sensitivity and precision, including particle analysis. Finding, classifying, and identifying large 
enough numbers of microparticles to provide significant insight in a practical amount of time 
is essential to, for example, studies of microplastics in the environment. Systems that address 
this need have only recently arrived in the marketplace, and now awareness of their capabilities 
must reach institutes and organizations developing standardized measurement protocols and 
accumulating data to help inform policy makers.

Harald Fischer, Marketing Director, WITec

• Continued from Page 37

(7) T. Lindahl, Nature 362, 709–715 
(1993).

(8) N. Nasirizadeh and H.R. Zare, Talanta 
80, 656–663 (2009).

(9) J. Kang, L. Zhuo, X. Lu, H. Liu, M. 
Zhang, and H. Wu, J. Inorg. Biochem. 
98, 79–86 (2004).

(10) H.R. Zare and N. Nasirizadeh, Sens. 
Actuators B Chem. 143, 666–672 
(2010).

(11) A. Kamal, K. Sreekanth, P. Praveen 
Kumar, N. Shankaraiah, G. Balakis-
han, M. Janaki Ramaiah, S.N.C.V.L. 
Pushpavalli, P. Ray, and M.P. Bhadra, 
Eur. J. Med. Chem. 45, 2173–2181 
(2010).

(12) K. Zheng, Z. Liu, Y. Jiang, P. Guo, H. 
Li, C. Zeng, S.W. Ng, and S. Zhong, 
Dalton Trans. 47, 17432–17440 (2018).

(13) K. Zheng, Z. Liu, Y. Huang, F. Chen, 
C. Zeng, S. Zhong, and S.W. Ng, 
Sens. Actuators B Chem. 257, 705–
713 (2018).

(14) H. Zhao, Y. Zhao, X. Si, J. Li, Y. Duan, 
W. Jiang, C. Liu, J. You, Z. Li, and Q. 
Shen, Spectroscopy 35, 44–50 (2020)

(15) A. Mazzoli, A. Spalletti, B. Carlotti, C. 

Emiliani, C.G. Fortuna, L. Urbanelli, 
L. Tarpani, and R. Germani, J. Phys. 
Chem. B. 119, 1483–1495 (2015).

(16) F. Araya, G. Huchet, I. McGroarty, 
G.G. Skellern, and R.D. Waigh, Meth-
ods 42, 141–149 (2007).

(17) J. Guo, P.W. Villalta, and R.J. Turesky, 
Spectroscopy 33, 8–16 (2020).

(18) Y. Matsumoto, N. Terui, and S. 
Tanaka, Environ. Sci. Technol. 40, 
4240–4244 (2006).

(19) J. Zhu, L. Chen, Y. Dong, J. Li, and X. 
Liu, Spectrochim. Acta Part A Mol. 
Biomol. Spectrosc. 124, 78–83 (2014).

(20) H. Ojha, B.M. Murari, S. Anand, M.I. 
Hassan, F. Ahmad, and N.K. Chaud-
hury, Chem. Pharm. Bull. 57, 481–486 
(2009).

(21) S. Bi, C. Qiao, D. Song, Y. Tian, D. Gao, 
Y. Sun, and H. Zhang, Sens. Actuators 
B Chem. 119, 199–208 (2006).

(22) Y.-J. Hu, Y. Liu, and X.-H. Xiao, Biomac-
romolecules 10, 517–521 (2009).

(23) J.-B. Lepecq and C. Paoletti, J. Mol. 
Biol. 27, 87–106 (1967).

(24) S. Tabassum, S. Parveen, and F. Arj-
mand, Acta Biomater 1, 677–689 (2005).

(25) Y. Xie, S. Wang, Z. Zhang, and D. Pang, 
J. Phys. Chem. B. 112, 9864–9868 
(2008).

(26) M.T. Carter, M. Rodriguez, and A.J. 
Bard, J. Am. Chem. Soc. 111, 8901–
8911 (1989).

(27) M. Monteserín, H.D. Burrows, A. J.M. 
Valente, R. Mallavia, R.E. Di Paolo, 
A.L. Maçanita, and M.J. Tapia, J. Phys. 
Chem. B. 113, 1294–1302 (2009).

(28) S. Pan, D. Ahirwal, D.A. Nguyen, T. 
Sridhar, P. Sunthar, and J.R. Prakash, 
Macromolecules 47, 7548–7560 (2014).

(29) Z. Zhang and X. Dong, BioMetals 22, 
283–288 (2009).

Mingbin Liu, Suqin Wang, Jiamei 
Pu, Zhuzhi Zhang, Weihua Zhao, 
Lin Cao, and Hongbo Li are with 
the Key Laboratory of Func-
tional Small Organic Molecules 
in the College of Chemistry and 
Chemical Engineering at Jiangxi 
Normal University in Nanchang, 
China. Direct correspondence to:  
lihongbo112@126.com. ●

https://www.witec.de/
mailto:lihongbo112@126.com


46  Spectroscopy 36(6)   June 2021 www.spectroscopyonline.com

PRODUCTS & RESOURCES

X-ray tube
Moxtek’s HPC 150 X-ray 
tube is designed as 
a 60kV, 150-watt air-
cooled tube with an HV 
cable. According to the 
company, the tube has 
cooling fins and fans that 
can be adapted to meet 
specific requirements, 
and it is suitable for X-ray 
fluorescent spectroscopy 
and a variety of imaging 
applications.  
Moxtek Inc., Orem, UT. www.MOXTEK.com

UV-vis-NIR cuvettes
REFLEX Analytical’s UV-vis-
NIR cuvettes and cells are 
designed from UV quartz, IR 
quartz, and glass materials. 
According to the company, 
the cuvettes are assembled 
by direct fusion, ensuring 
resistance to chemical attack 
and extremes of temperature, 
and are available with fitted 
covers, plugs, screw caps, 
anaerobic screw caps, and graded seals.  
REFLEX Analytical Corp., Ridgewood, NJ.  
www.reflexusa.com

Spectrograph
The Teledyne Princeton 
Instruments IsoPlane 320A 
(Advanced) is designed as 
an aberration-correcting 
spectrograph. Accord-
ing to the company, the 
spectrograph improves the 
spatial resolution across 
the 27 mm x 22 mm large 
focal plane by 60–100% when compared to previous instru-
ment designs, and up to 400 spectral tracks can be acquired 
simultaneously. 
Teledyne Princeton Instruments, Trenton, NJ. 
www.princetoninstruments.com    

Reconfigurable Raman probes
Wasatch Photonics’ Raman 
probes are designed with a 
user-replaceable barrel and 
multiple probe tip options to 
allow reconfigurable working 
distances and permit measure-
ment interface to different sam-
pling setups. According to the 
company, in addition to the standard probe tip, options include 
an industrial-grade ball probe for process measurements, and 
an adaptor with SM05 threads for 0.5” lenses that facilitates 
connection to a microscope or other optical interface. 
Wasatch Photonics, Morrisville, NC. 
www.wasatchphotonics.com

The larger slopes at the interface be-
tween the top PET and the silicone at
approximately 50 μm could indicate a
chemical or physical mixing there, but
because the top PET layer is meant
to be peeled off, this seems unlikely.
In my judgement, the 60x objective cor-
rected for use with a cover slip has given 
the best results. The PET film on top is
measuring 30 μm and the silicone layer
is measuring 20 μm, but the residual
immersion oil layer from the previous
measurement is about 13 μm wide.
However, the lack of effective separation 
of the spectra is still troubling.

The take-home message from this 
exercise is that without the correct ob-
jective, the ability to measure a laminar 
sample will be limited. In fact, in research-
ing the working distances for the objec-
tives that I used, I found that there are 
objectives with longer working distances 
that are corrected for a cover slip, with or 
without oil immersion. So for any project 
that requires knowledge about thin layers, 

and cross-sectioning is not a possibility, 
acquisition of an appropriate objective 
with a high quality Raman microscope can 
provide the information required. 
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Erratum
There was an omission in the May 
2021 print article “2021 Review of 
New Spectroscopic Instrumenta-
tion. “Table VIII: Sof tware” and 
the section on sof tware should 
have included information about 
five new software products from 
Wiley.  The f ive produc t s are:  
a GC–MS library for biologically 
and environmentally impor tant 
organic compounds; the Wiley 
Registry of Mass Spectral Data 
12th edition; the Wiley Registry 
12th Edit ion of the NIST 2020 
Mass Spectral Library; the Know-
ItAll 2020, which contains spec-
troscopy sof tware and spectral 
libraries; and AntiBase, a Natural 
Compound Identifier. The online 
version of the ar ticle has been 
updated with the details about  
these products.
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