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From the Editor
Editorial Advisory Board

Laura Bush is the  
editorial director of  

LCGC North America  
and Spectroscopy,  

lbush@mjhlifesciences.com.

Hot Topics in Spectroscopy: The SciX 2021 Preview and Companion Guide

The 2021 SciX conference is back as a live event this year, from September 26 to October 1! This 

e-book—our third annual SciX Preview and Companion Guide, prepared in collaboration with the 

SciX conference organization—serves both as a preview of the conference and as a companion guide 

during and after the event, whether you attend in person or remotely.

The first six articles, contributed by conference speakers and workshop leaders, highlight the wide range 

of techniques, applications, and topics presented at the conference, addressing:

•  the use of coherent Raman imaging for pharmacokinetics studies

•  the evolution of analytical approaches being used to identify buried Pleistocene sites in archeology  

studies

•  how beer brewing is being improved through modern analytical techniques

•  problem-solving in Fourier transform infrared (FT-IR) spectroscopy

•  the use of surface-enhanced Raman spectroscopy (SERS) for analysis of dietary supplements

•  tips for advancing your scientific career.

The next eight articles discuss the work of spectroscopists who have won prestigious awards that will pre-

sented at SciX. These interviews are part of an annual series begun in 2012 and are an easy way to tap into 

the innovative work of leading scientists. This year, we present interviews with the following eight awardees:

•  Prof. Zachary Schultz of the Ohio State University, the winner of the 2021 Craver Award from the 

Coblentz Society, on studying protein receptors with SERS and tip-enhanced Raman spectroscopy 

(TERS)

•  Prof. V. Ara Apkarian of the University of California, Irvine, the 2021 Meggers Award recipient, on 

recording the Raman spectrum of a single molecule

•  Prof. Uwe Karst of the University of Münster, the 2021 recipient of the Lester W. Strock Award, on 

investigating lanthanide depositions in tissue with laser ablation–inductively coupled plasma–mass 

spectrometry (LA-ICP-MS) imaging

•  Prof. Rohit Bhargava of the University of Illinois at Urbana-Champaign, the 2021 Lippincott Award win-

ner, on high-definition FT-IR spectroscopic imaging of tumors

•  Prof. Roy Goodacre of the University of Liverpool, the 2021 Charles Mann Award recipient, on quantita-

tive analysis with SERS 

•  Prof. Tuan Vo-Dinh of Duke University, the 2020 Royal Society of Chemistry Sir George Stokes Award 

recipient, on his career in science 

•  Mark Meyerhoff of the University of Michigan, the 2021 ANACHEM Award recipient, on developing 

sensors to measure analytes in physiological samples 

•  Prof. Bhavya Sharma of the University of Tennessee, the Spectroscopy magazine 2021 Emerging Leader 

in Molecular Spectroscopy Award winner, on exploring neurochemistry using Raman spectroscopy.

These articles and interviews provide an excellent sampling of the fascinating science that will be pre-

sented at this year’s SciX conference. We hope to see you there!

Laura Bush   Editorial Director, Spectroscopy

http://www.spectroscopyonline.com
mailto:lbush@mjhlifesciences.com
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FEATURED ARTICLE

Coherent Raman Imaging  
for Assessing Cutaneous  
Pharmacokinetics: 
Advancements and Outlook

Benjamin A. Kuzma and Conor L. Evans

At SciX 2021, we will be pre-
senting our latest research on 
coherent Raman imaging to 

visualize and quantify cutaneous phar-
macokinetics (PK). The field of coherent 
Raman imaging is fascinating because 
of the label-free, nondestructive nature 
in which molecular species can be quan-
tified. Coherent Raman imaging allows 
for a vast range of biomedical applica-
tions to have the potential to go from 
benchtop to the clinic.

The cutaneous PK of active phar-
maceutical ingredients (APIs) following 
topical formulation is an underinvesti-
gated area of research. Measuring API 
concentration quantification after topical 
application is essential for PK and phar-
macodynamic (PD) estimates because it 
is crucial in developing and evaluating 
topical products. In systemic drug de-
livery, plasma concentrations are used 
to estimate the target-site concentra-
tions. However, for topically applied 
APIs, plasma concentrations in systemic 
circulation represent those APIs that are 
no longer at the action site. Thus, those 
APIs have little relevance to locally acting 
drug products. Ultimately, APIs exert their 
effects at the cellular and subcellular level, 

making microscale quantification of PK di-
rectly within treated skin essential.

There are several in vitro and in vivo 
methodologies (in vitro permeation test-
ing, tape stripping, dermal open flow 
microperfusion, and dermal microdialy-
sis) that are currently under investigation 
to assess the rate and extent at which a 
topical API becomes available at, or near, 
the site of action. However, each of these 
provides only macro-scale, or bulk, cutane-
ous PK (1–4). Although these methods are 
designed to yield cutaneous bioavailability 
(BA) and bioequivalence (BE) assessments, 
direct quantification of target-site API con-
centrations at the cellular level within skin 
would open the door to a deeper under-
standing of topical PK–PD relationships.

One such methodology to quantify 
cellular level API concentration is co-
herent Raman scattering imaging (CRI). 
CRI can monitor API cutaneous PK after 
topical application without the need 
for labels or alteration to the molecule. 
Therefore, CRI provides noninvasive 
concentration-time profiles (5). CRI mo-
dalities can tune into specific molecular 
vibrations of APIs to create chemically 
specific images at video-rate acquisition 
speeds in vivo (6). The two CRI modalities 

(coherent anti-Stokes Raman scattering 
(CARS) and stimulated Raman scattering 
(SRS)) are more commonly used because 
of their inherent sensitivity to Raman 
features that enable the identification of 
molecular species. In the context of cuta-
neous PK, CARS can be readily utilized to 
extract skin structure. SRS, whose signal 
intensity is linear with molecular concen-
tration, allows for sensitive, selective, and 
specific quantification of APIs or inactive 
ingredients within skin stratifications.

Using CRI modalities has the potential 
to have a profound impact on the topical 
drug product industry. Innovator compa-
nies could have a better comprehension 
of their cellular level PK–PD relationship 
in addition to mechanistic cutaneous 
permeation knowledge. Generic com-
panies would have an additional meth-
odology to assess the cutaneous BE of 
their test product, thus passing along 
these savings to the patient. Many topi-
cal dermatological drug products do not 
have generics, which severely hampers 
the American public by making these 
medications cost-prohibitive (7).

In this study, we demonstrate the utility 
of CRI to identify cutaneous API localiza-
tion by utilizing a machine learning ap-

http://www.spectroscopyonline.com
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proach that can provide insight into the tissue layer composition 
in which the API resides (that is, lipid-rich or protein–water-rich). 
The approach allows for the mechanistic insight of permeation 
pathways for specific formulation APIs and inactive ingredients, 
advancing cellular level cutaneous PK knowledge. The current 
limitations with CRI are addressed with suggestions on how 
these technological advancements can further improve the 
methodology for cutaneous BA and BE assessments.

CRI PK Groundwork
To address these questions, Feizpour and others recently uti-
lized SRS to quantify ruxolitinib, a pan-janus kinase (JAK) inhibitor, 
within distinct nude mouse ear skin stratifications: the stratum 
corneum, sebaceous glands, adipocytes, and subcutaneous 
fat (8). A topical solution of transcutol containing ruxolitinib and 
a novel gel formulation containing ruxolitinib were applied to 
nude mouse ears and then imaged for 1 h. The images were 
then processed via an automated pipeline that comprised of 
a trained convolution neural network to precisely identify lipid-
rich and water–protein-rich regions. The concentration-time 
data were extracted from the images and then analyzed via an 
open-source R package (NonCompart). This automated pipe-
line allowed the quantification and biodistribution estimation 
of ruxolitinib in each layer within the mouse ear. Previous SRS 
imaging attempts (9) were able to visualize and quantify the 
API penetrating through the stratum corneum and permeating 
deeper. However, this study was the first to demonstrate that 
SRS imaging has the capability to identify the API biodistribu-
tion specifically and which route of permeation (intracellular or 
intercellular) delivers an API (Figure 1). Although this proof-of-
concept study demonstrates the capability of the technology, it 
was conducted on a laboratory CRI system affixed to a floating 
laser table. Translating this technological approach to a mobile, 
clinic-friendly CARS and SRS system is an active area of current 
research for our team.
 
The Role of an Inactive 
Ingredient in Permeation
To build upon our previous research, we modified the composi-
tion of the topical solution to understand the impact of the inac-
tive ingredient on the cutaneous PK and biodistribution in a nude 
mouse ear. As previously acknowledged, the inactive ingredients 
of the formulation play a vital role in delivering drugs to the de-
sired cutaneous site (or sites) of action. We demonstrated in this 
study that the selection of inactive ingredients can alter the resi-
dence time in specific skin structures. The information obtained 
in these studies can help the topical communities develop tar-
geted drug products to understand how various inactive ingre-
dients elicit their effect. Because of the native skin signal in both 
the fingerprint regions (700–1800 cm-1) and high wavenumber 
regions (2700–3300 cm-1), these studies were limited to molecu-
lar species that had vibrations in the “silent region” (2000–2300 
cm-1) of the Raman spectrum. Although carrying out silent-region 
imaging provides excellent concentration-time profile data, the 

handful of silent region active moieties (that is, alkyne, nitrile, 
or carbon-deuterium bonds) limits the number of APIs that can 
be imaged using this approach. New methodologies that take 
advantage of multiple vibrational spectral bands to detect and 
quantify APIs are under active development and promise to open 
this approach for use with a far greater number of API candidates. 

The Future of CRI and Cutaneous PK
The work done by our group and others have allowed for CRI 
modalities to be utilized for cutaneous PK studies where API con-
centrations rapidly change. The CRI data provided here can yield 
critical target-site concentration information and dramatically 
increase cutaneous PK knowledge. As a result, the CRI data pro-
vided here helps us to efficiently model how the API penetrates 
the stratum corneum and permeates deeper into the skin. In 
addition, the ability to provide mechanistic insight into API per-
meation along with how the inactive ingredients of the formula-
tion ultimately affect an APIs biodistribution has the potential to 
improve development of targeted drug products.

Although the work presented here provides optimism and 
excitement with what can be done, CRI has been primarily 
limited in two facets—the lack of mobile SRS imaging tools, 
and the lack of a general SRS method for spectral API quan-
tification. As discussed above, creating a mobile imaging 
system for SRS remains an active area of research, requiring 

2500 – 6900 cm-1

CW optical parametric oscillator

stretch.
Fully-automated tuning at high resolution

Visit us at SciX Booth #201

http://www.spectroscopyonline.com
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system integration of fiber lasers, epi-
detection schemes for interfacing with 
human skin, and full-stack image analy-
sis methods to interpret the collected 
data. Although the immediate goal in 
this research is to create a new tool for 
topical BA and BE assessment, it goes 
without saying that such a system could 
be the foundation for a multitude of CRI 
methods, including clinical endoscopic 
tools.

Breaking out of the high wavenum-
ber and silent regions has long been an 
important goal for the coherent Raman 
community. With advances in stimu-
lated Raman scattering, tunable light 
sources, and detection methods driving 
advances, the coherent Raman commu-
nity continues to see growth driven by 
innovation and technological improve-

ments. However, ongoing technical 
advances in both optical hardware and 
analysis software will be required to fully 
translate new tools from the laboratory 
to clinical practice, with current research 
efforts serving as excellent foundational 
building blocks. Strong collaborations 
with major stakeholders in both the 
pharmaceutical industry and regula-
tory bodies will be needed to guide and 
implement these methods to make an 
actual impact on patient health.
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FIGURE 1: Image segmentation was performed via layer specific U-Nets, which 
automatically identified the respective skin stratifications, namely stratum 
corneum (SC), sebaceous gland (SG), adipocytes (AD), and subcutaneous fat 
(SCF). Column (a) shows the SRS lipid images, column (b) displays the output 
of the U-Net analysis for each image, and column (c) plots these probability 
images as overlays over the original image. Column (d) displays relative per-
meation profiles patterns for the four layers differentiating lipid- from water-
rich areas of the images for ruxolitinib in transcutol absorbed in ex vivo mouse 
skin. Bar = 20 µm. Adapted from the literature (8).
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Archaeological, Geochemical,  
and Remote Sensing Applications 
in the Search for Pleistocene  
Landscapes of New England

David Leslie 

Recent archaeological work 
in southern New England has 
documented the presence 

of deeply buried late Pleistocene 
archaeological sites, preserved be-
tween three and six feet below the 
modern ground sur face on alluvi-
ally buried terraces. One of these 
sites, the Brian D. Jones Site, was 
identif ied in 2019 and represents 
the o ld e s t  k now n a rc haeolog i -
cal site in southern New England, 
and has been radiocarbon dated 
to 10,520 ±30 uncalibrated years 
before present (BP) (1). The other, 
the Templeton Site, was identified 
over 40 years ago, and has recently 
been reinvestigated using modern 
excavat ion techniques;  this s i te 
has been radiocarbon dated to 
10,360 ±30 uncalibrated BP (2,3). 
The recent discovery of the Jones 
S i te,  the second deeply bur ied 
late Pleistocene site in Connecti-
cut, necessitates a shif t in the way 
archaeologists model and predict 
site location, as no other deeply 
buried sites have been previously 
found in New England. Here, a se-
ries of developing methods is pre-

sented for locating and analyzing 
deeply buried late Pleistocene ar-
chaeological sites, which includes 
the initial investigation of the geo-
morphology of a potential archaeo-
logical site with a suite of analytical  
geochemical techniques. 

Pr io r  to  sed imentar y  inve s t i -
gations, remote sensing of land-
scapes using ground penetrating 
radar (GPR) and light detection and 
ranging (LIDAR) imaging of land-
forms provides a way to quickly as-
sess a landform’s potential to con-
tain buried paleosols and f luvially 
deposited sediments. A GSSI Utility 
Scan GPR system with a 350 MHz 
HyperStacking antenna is used to 
collect GPR transect data. The an-
tenna and UtilityScan are mounted 
on a custom-built carriage by GSSI 
and utilize encoder-triggered col-
lection of 50 traces per meter (one 
reading every 2 cm or 0.8 in). Data 
are collected in longitudinal tran-
sects (that are parallel and perpen-
dicular to the terrace) to visualize 
the stratigraphy of a landform in 
three dimensions (Figure 1). LIDAR 
imager y is also useful for v isual-

izing geomorphic trends in land-
forms that are not apparent at the  
human scale. 

GPR and LIDAR results are then 
paired with terrestr ial “vibracor-
ing”, representing an efficient way 
to core a f luvial terrace (Figures 1 
and 2). An electric- or gas-powered 
v ibrat ing head (f rom a concrete 
mixer) is employed to vibrate and 
dr ive a core bar re l  into sur face 
soil and sediments beneath. This 
method is generally used in under-
water or saturated set tings, such 
as wetlands, swamps, and marshes, 
but can also be used terrestrially 
af ter manually saturating the core 
col lec t ion area.  V ibracor ing re -
duces fr ic tional and compressive 
dis turbances to sediment s,  and 
prov ides cont inuous sample re -
cover y of the stratigraphy at the 
site. This method permits collec-
tion of cores with a small group of 
people, providing a low-tech but 
high reward method for collecting 
and describing the sedimentary se-
quences at a site.

General s tratigraphic analyses 
of core sediments are cr i t ical to 
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understanding the soil formation 
and taphonomic processes at  a 
potent ial  bur ied Pleis tocene ar-

chaeological site. Following core 
extraction, the cores are split per-
pendicular to the direction of cor-

ing, using metal snips, and sepa-
rated into two equal core halves 
using a piano wire to smooth the 
sediment profile. Both halves of the 
cores are cleaned; one is retained 
for archival purposes, the other is 
photographed using a Macroscopic 
Solutions CORE system. Macropod 
CORE is an automated system that 
s tabil izes an indiv idual core, al -
lowing focus stacking of individual 
images, which results in a single 
panoramic high-resolution digital 
record of each core segment (Fig-
ure 2). Cores are then described 
using Munsell and stratigraphic unit 
descriptions. 

Soils are comprised of mineral 
components, organic or humic mat-
ter, organisms, air, and water. The 
way that soils var y is a combina-
tion of all these fac tors, but from 
a geological and archaeological 
perspective, the variance in mineral 
components and what is described 
during macroscopic stratigraphic 
analyses is generally the most im-
por tant. Following core descrip-
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archaeological site (red square). (c) LIDAR image displays modern elevation of landform, and, in yellow, the relict 
Pleistocene river terrace is visible, coinciding with PPI1 and PPI8 coring locations.

0 0
0

20

40

60

80

100

120

140

Mass LOI (%)
12.5 25 40 80 800011000 14000 20000 45000 70000 4000 8000 12000

Pb (ppm) K (ppm) Fe (ppm) Ti (ppm)
PPI-6

1

2

3

4

5

6
units

D
ep

th
 (c

m
)

(a) (b)

FIGURE 2: (a) Photograph of vibracore collection at the Brian D. Jones site. 
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tions, core sediment samples are 
analyzed using the following suite 
of techniques: accelerator mass 
spec trometr y (AMS) radiocarbon 
dating, portable x-ray fluorescence 
(pXRF), and loss on ignition (LOI). 
These techniques provide a high-
resolut ion way to determine the 
age of sediments, as well as pos-
sibly determine the provenience of 
these sediments. LOI is particularly 
useful when charac ter iz ing past 
environments, as with the Brian D. 
Jones Site, where a wetland de-
veloped adjacent to the site, and 
is recorded in core PPI-6 with el-
evated LOI values (Figure 2). AMS 
profiles of cores provide a useful 
map of Pleistocene and Holocene 
transit ionar y sediments that can 
be correlated with archaeological 
sites on these landforms, as recent 
work at the Templeton site dem-
onstrates (Figure 3). pXRF analysis 
p rov id e s  a  g eoc hemic a l  s ig na -
ture (or propor t ion of elements) 
of sedimentary layers, which pro-
v id e s  a  “c hec k ” of  t he  manua l 
stratigraphic analyses conducted 
on the sediment cores. Pat terns 
often exist within the proportion of 
elements in sediments that are not 
discernible through macroscopic 
s t rat igraphic analyses, aiding in 
f e n c e - d ia g r a m c o r r e l a t i o n s  o f 
sediments across a site. Elevated 
values of potassium and iron cor-
relate to a sedimentary boundary 
between the formation of the wet-
land in PPI-8 and the basal alluvi-
ally deposited layers beneath the 
wetland. Elevated lead levels are 
also useful in charac ter iz ing the 
upper layers of a core, as in PPI-
6, which clearly demonstrates the 
contamination of sediments dur-
ing the indus t r ia l  revolut ion,  or 
Anthropocene. Taken collectively, 
s igni f icant var iat ions and cor re-
lat ions in the elemental compo-
s i t ion of sediment s can be ver y 
useful in determining changes in 
provenance of alluvially deposited 
sedimentary layers. 

These methods, when used col-
lec tively to analyze a landscape, 
provide archaeologists with a way 
to assess “signatures” of bur ied 
Pleistocene landscapes. Moreover, 
high resolution AMS radiocarbon 
dat ing permit s ident i f icat ion of 
areas that may contain late Pleis-
tocene archaeological sites, guid-
ing excavation of the surrounding 
areas. Applicat ion of this meth-
odology and unders tanding the 
mechanisms that preserved archae-
ological sites at the Templeton and 
Brian D. Jones sites, will permit ar-
chaeologists to predict and locate 
other late Pleistocene archaeologi-
cal sites in southern New England.
 
References
(1) D.E. Leslie, S.P. Sportman and B.D. 

Jones, PaleoAmerica 6(2), 199–203 

(2020).

(2) R.W. Moeller, 6LF21: A Paleo- In-
dian Site in Western Connecticut, 
American Indian Archaeological 

Institute, Washington, Connec ti-

cut (1980).

(3) Z.Singer, The Paleoindian Occu-
pation of Southern New England: 
Evaluating Sub-Regional Variation 
in Paleoindian Lifeways in the New 
England-Maritimes Region , Doc-

tora l  Dis ser ta t ion,  Depar tment 

of  A nthro polog y,  Un i ve r s i t y  o f 

Connecticut, Storrs, Connecticut 

(2017).

David Leslie is a Se-
nior Archaeologist at 
Archaeological and 
Historical Services,         
Inc., who received 
his PhD from the         

University of Connecticut in 2016. He 
has over 15 years of geoarchaeologi-
cal and environmental archaeological 
experience, collaborating on develop-
mental sector and academic archae-
ological projects in the Northeastern 
United States, Sub-Saharan Africa, 
and Europe. Direct correspondence 
to: dleslie@ahs-inc.biz ●

TVC-2

‘55 Flood

10 YR 3/4
Dark Yelloww Brown
Silty M-C Snd
Contains roots

7.5 YR 5/6
Strong Brown
F-M Snd
Rootlets present

10 YR 5/6 Yellow Brown
C - Snd with
> 10% pebbles and granu’
Rootlets present

10 YR 6/6 Brownish Yellow
F/M Snd with
> 20% pebbles and granules

10 YR 4/4 Dark Yellowish Brown
M-C Snd with
>10% pebbles or granules

10 YR 6/6 Brownish Yellow
C Snd 30% pebbles and granuals

10 YR 5/6 Yellowish Brown
F-M Snd

10 YR 5/4 
Yellowish BrownF-M Snd
Charcoal present?

10 YR 4/4 Dark Yellowish Brown
F-M Snd (Paleosol?)

1

2

3

4

5

6

7

8

9 130

120

110

100

80

70

60

6,014+/-29 uncal BP

8,109+/-37 uncal BP

9,387+/-36 uncal BP

10,289+/-40 uncal BP

10,924+/-41 uncal BP

FIGURE 3: Hyperstacked image of 
vibracore collected from the Temple-
ton site, with preliminary unit des-
ignations and descriptions and AMS 
radiocarbon dating (uncalibrated) of 
sedimentary layers in red. Paleoin-
dian occupation is indicated by a yel-
low star in Unit 8.

http://www.spectroscopyonline.com
mailto:dleslie@ahs-inc.biz


12  SciX 2021 Preview and Companion Guide   September 2021 www.spectroscopyonline.com

FEATURED ARTICLE

Utilizing Modern Analytical 
Instrumentation in Brewing 
Science to Further Quality 
and Innovation in Beer

Benjamin A. Chambers

At the upcoming SciX 2021 
Conference, I will present 
an experiential workshop 

that links the sensory analysis of 
beer and spir i t s with instrumen-
tal analyses. The field of sensory 
sc iences and brewing chemistr y 
is fascinating because in a shor t 
period of t ime, the implementa-
tion of analy tical instrumentation 
in one of the oldest industries has 
opened the doors wide for quality  
and innovation. 

For centuries, beer has been a 
s taple par t of consumers’  d iet s 
across the globe. Thus, it seems sur-
prising that only recently—meaning 
in the past few hundred years—has 
the beer industry been modernized 
for mass produc tion. Because of 
this change, the beer industry has 
had to innovate to ensure that it 
continues to produce a high-qual-
ity product in keeping up with the  
consumer demand. 

Much of the modernization in the 
field of beer quality and innovation 
has come through analytical instru-
mentat ion. On a prac t ical level, 
analy tical techniques are used to 

analyze what our anatomical senses 
perceive while consuming beer. 
Using such instrumentation allows 
brewers to make improvements and 
adjustments to repeatedly target 
what have been deemed as desir-
able at tributes in beer, and thus, 
improve the quality of their prod-
uct. Alternatively, analytical instru-
mentation can also help brewers 
and suppliers of brewing materials 
innovate new products and unlock 
age-old mysteries of why cer tain 
regions tended to make cer tain 
styles of beers. As a result, brewers 
from other regions are now able to 
recreate the conditions to expand 
their capabilities and mass produce 
certain styles of beer that were pre-
viously untenable because of their 
region’s condit ions. New instru-
mentation, therefore, has allowed 
brewers to increase their versatility, 
and that has helped them grow their 
consumer base to compete in the 
evolving global market. 

In food and beverage sensory sci-
ence, we focus on four senses that 
our receptors detect: visual, which 
means the color, hue, and clarity of 

the beer; mouthfeel, which is the 
carbonation levels, the thinness or 
thickness of the beverage, and the 
temperature of the beer; aroma, 
which is the odor of the beer and 
whether it is a hops, malt, or yeast-
derived aroma; and taste, whether it 
is hops, malt, or yeast-derived. 

Many brewers and brewing com-
panies are convinced that consum-
ers taste beer with their eyes first. 
For this reason, brewers have tar-
geted and routinely tested specific 
colors, hues, and turbidity levels 
in their beer. Historically, this had 
been done with swatches of dif-
ferent colors and hues called the 
standard reference method (SRM), 
but the analysis was based on dis-
crete color levels, which resulted in 
a loose specification range. Today, 
color is typically measured using an 
ultraviolet-visible (UV-vis) spectro-
photometer with the absorbance 
reading at 430 nm (1). Turbidity is 
increasingly becoming crucial in 
what consumers today are voicing 
as being important to them when 
selec ting beers for purchase and 
consumption. Two emerging trends 
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are hazy ales and clear lagers, which 
have determined upper and lower 
specifications for turbidity. The size 
of the particulates in finished beer 
determines the turbidity level. Tur-
bidity is measured using light scat-
tering instrumentation, which mea-
sures at two angles, 90° and 13° (2).

The next sense people typically 
util ize when evaluating a beer is 
their olfac tory senses. There are 
severa l  o rganic  component s  in 
beer that contribute to the aroma 
of a beer, and there have been a 
few different instruments that help 
quantify these compounds. Esters 
and phenols created by yeast cells 
during fermentation include isoamyl 
acetate, ethyl acetate, ethyl hexano-
ate, and phenylethyl acetate. These 
esters and phenols can be measured 
using gas chromatography–mass 
spec trometr y (GC– MS). GC– MS, 
therefore, can measure the gas in 
the headspace of a beer (3). Vicinal 
diketones, such as 2,3-butanedione 
(diacetyl ) and 2,3 pentanedione, 
are important aromatics to control 
in beer production and they can be 
measured using a UV-vis spectro-
photometer. Also, aromas derived 
f rom the terpene compounds in 
hops used in beer can be measured 
using GC–MS (4).

A rg ua b l y,  t he  mo s t  c om plex 
sense used in beer consumption is 
taste. Taste can be broken into cat-
egories, such as saltiness, acidity, 
bitterness, sweetness, and umami. 

Salinity in beer comes from the 
prof i le of the water used in the 
brewing process along with salts 
that  brewer s add to ad jus t  the 
chemistry of the water. Salinity in 
beer can be measured with a simple 
conductivity meter. 

Acidity in beer is measured ei-
ther simply by using a pH meter 
or, in the case of heavily soured 
beers, t i t ratable ac idi t y using a 
simple wet chemistry titration with 
the addition of a base and neutral 
indicator. There are now several 
handheld titration devices to deter-

mine the acid percentage in beer. 
If one would like a breakdown of 
which organic acids contribute to 
the acidity in the beer, a high per-
formance liquid chromatography 
(HPLC) instrument can be used (5). 
Figure 1 shows an HPLC chromato-
gram of the organic acid content in 
finished beer using perchloric acid 
as an eluent (mobile phase carrier). 

Bit terness in beer is measured 
on a scale called international bit-
terness units ( IBUs)  and is based 
around a correlation of quantita-
tive analysis of refrac tion using a 
UV-vis spec trophotometer and a 
his tor ical, quali tat ive account of 
brewing sc ientis t s’ bit ter detec-
t ion. IBUs can also be measured 
using GC (6).

Sweetness in beer can be mea-
sured in terms of specific gravity 
using a densitometer. Further analy-
sis of the breakdown of sugar con-
tent can be analyzed using HPLC 
with UV detection (7).

Umami is a fair ly new and de-
fined taste element. The glutamic 
acids in beer are derived from the 
grains used in the process and can 
be measured using mass spectrom-
etry (MS).

The final sense discussed in the 
brewing industry is mouthfeel. This 
sense is simply defined as the tex-
ture of a beer. Carbonation, full-
ness, and the heat associated with 
ethanol levels are the three fac-
tors contributing to the texture of 
a beer. Carbonation levels can be 
measured via dissolved gas meters. 
Fullness of a beer is associated with 
the amount of unfermentable sugar 
in the finished product and can be 
analyzed with a sugar assay. 

Alcohol content is the most im-
portant analysis a brewery can per-
form, for several reasons. The qual-
ity and consistency of beer can be 
greatly influenced by the presence 
of alcohol. Brewers also have a great 
responsibili t y to public safety to 

1. Pyruvic acid (50 ppm)
2. Tartaric acid (500 ppm)
3. Citric acid (500 ppm)
4. Malic acid (500 ppm)
5. Pyroglutamic acid (500 ppm)
6. Lactic acid (1000 ppm)
7. Acetic acid (2000 ppm)
8. Succinic acid (1000 ppm)
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FIGURE 1: HPLC chromatogram of the organic acid content in finished beer 
using perchloric acid as an eluent (mobile phase carrier).
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stay as close as possible to the per-
cent alcohol by volume (ABV) they 
claim on their labels. Beer in the 
United States is also regulated by 
the Tax and Tarif f Bureau (TTB) for 
alcohol content, which determines 
the amount of excise tax a brewer 
pays. Alcohol content in beer can 
be measured using a few dif fer-
ent methods of analysis. The most 
traditional is distillation and a den-
sitometer to determine the exact 
amount of ethanol. A few quicker 
and more modern approaches use 
GC or an alcohol meter that utilizes 
near-infrared (NIR) spectroscopy to 
measure absorbance. Table I shows 
the results of testing the alcohol 
level of eight beer samples, using 
several different analytical methods: 
GC, an ethanol sensor (OptiEnz Sen-
sor, NIR 1), a second ethanol sen-
sor (Anton-Paar Alcolyzer, NIR 2), 
and distillation and densitometry. 
OptiEnz Sensors continuously and 
in- l ine measure speci f ic organic 
compounds in a solution; in this 
case, they measure ethanol in beer 
by utilizing enzymatic sensor tips. 
Anton Paar utilizes NIR technology 
to out-line measure ethanol in a so-
lution by dif ferentiating the water 
and ethanol contents in the solu-
tion based on their markers on the 
NIR spectrum. As can be seen in the 
table, the results vary. 

Although the results vary, they 
can ser ve di f ferent purposes to 
the brewer. The in-line and continu-
ous instruments may have a higher 
var iabi l i t y  but a l low the brewer 
to monitor ethanol development 
throughout fermentation. The out-
line instruments have varying de-
grees of accurac y but also have 
other fac tors associate with them 
to be considered, such as the cost 
of the instrument, the duration of 
assay, the degree of dif f icult y of 
use, and the consumable cost and 
sample size. It is up to the brewer 
to choose the instrument that best 
suits their needs.

The instruments discussed here 
cover only a small por tion of the 
analy t ica l  equipment and tech-
niques used in the production of 
beer across the supply chain. Vari-
ous analytical techniques are used 
by suppliers of brewing materials, 
such as malt, hops, and yeast, as 
well as the municipal water source. 
Regulatory scientists that measure 
effluent wastewater from a brewery 
also use an array of analytical tech-
niques to determine compliance 
with mandates.
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TABLE I: Varying ethanol levels in eight samples of alcoholic beverages as measured using four methods of analysis

Sample ID Gas Chromatography NIR 1 NIR 2 Distillation and 
Densitometry

1 0.24 ± 0.01 0.24 ± 0.02 0.18 ± 0.01 0.20

2 0.38 ± 0.02 0.38 ± 0.04 0.34 ± 0.01 0.38

3 0.39 ± 0.01 0.39 ± 0.03 0.24 ± 0.01 0.37

4 0.84 ± 0.02 0.81 ± 0.08 0.79 ± 0.01 0.80

5 1.17 ± 0.03 1.16 ± 0.10 1.07 ± 0.01 1.07

6 1.22 ± 0.03 1.24 ± 0.11 1.16 ± 0.01 1.13

7 1.38 ± 0.07 1.38 ± 0.15 1.27 ± 0.01 1.27

8 1.66 ± 0.05 1.60 ± 0.10 1.53 ± 0.01 1.56

http://www.spectroscopyonline.com
https://www.asbcnet.org/methods/pages/default.aspx
https://www.asbcnet.org/meth-ods/pages/default.aspx
https://www.asbcnet.org/meth-ods/pages/default.aspx
https://www.asbcnet.org/meth-ods/pages/default.aspx
mailto:bchambers@newportcraft.com


September 2021  SciX 2021 Preview and Companion Guide  15www.spectroscopyonline.com

FEATURED ARTICLE

Common Problems with 
FT-IR Instruments  
and How to Avoid Them

Ellen V. Miseo and Jenni Briggs 

Users of Fourier transform 
infrared (FT-IR) spectrom-
eters may have received little 

or no formal training in spectroscopy. 
Therefore, some users cannot distin-
guish between “good” and “bad” 
spectra, which can lead to problems in 
spectral data processing. Many of the 
problems that are commonly encoun-
tered with the FT-IR spectra measured 
are easy to avoid if one is aware of the 
problem. The sources of the problem 
can be loosely categorized into instru-
ment, accessory, sample, and data pro-
cessing. 

To thoroughly understand the oper-
ation of a FT-IR instrument, one needs 
to realize that the instrument inherently 
generates a data set that undergoes 
mathematical transformations, and 
instrument malfunctions can manifest 
themselves as spectral features after 
the transformation. A good example is 
features that might show up in a spec-
trum because of environmental vibra-
tions, such as bumping an instrument 
or having a vacuum pump running on 
the same bench. By compiling a back-
ground with an empty beam and (no 
accessory or sample) then collecting a 
sample under the same conditions and 
ratioing in transmission, this problem 
can be seen. For a good discussion of 

the instrument theory and effects, see 
the literature (1).

Attenuated total reflection (ATR) is 
one of the most common and easiest 
sampling techniques. However, ATR 
is a technique that can generate false 
data. ATR interrogates the surface of 
the sample so that the chemistries on 
the surface are amplified. One of the 
most common problems encountered 
in an FT-IR–ATR analysis is taking the 
background spectrum with a dirty ATR 
element. In the spectrum shown in Fig-
ure 1a, we see negative features enter-
ing the absorbance spectrum, which 
indicates that the ATR element was 
not clean when the background was 
collected. A quick wipe of the ATR ele-
ment and a new background collection 
give the actual spectrum of the sample 
in Figure 1b.

To illustrate the problems that may 
result from the sample, we can again 
look at an ATR analysis. Many plastic 
materials may show different spectra 
on the surface and slightly into the 
bulk. Plasticizers can migrate to or 
away from the surface; the surface may 
also be oxidized while the bulk repre-
sents the actual sample, or there may 
be some other surface effect because 
of processing. Figure 1c illustrates this 
problem. The red spectrum shows the 

surface of the sample run as the sample 
was received. The C–H stretch region is 
fairly weak and the ratios of the peaks 
on the band envelope at around 1100 
cm-1 show different ratios. The blue 
spectrum on the top shows the sam-
ple after the outer surface has been cut 
away and is more representative of the 
bulk of the sample.

This surface effect that may appear 
to be a problem can be used advanta-
geously if you suspect some surface ef-
fect either by collecting a spectrum and 
then cutting into the sample, or making 
use of the relationship of depth of pen-
etration to the angle of incidence and 
refractive index of the ATR element. By 
varying these combinations without vio-
lating the critical angle, you can achieve 
different penetration depths. After an 
ATR correction to account for the wave-
length dependent penetration depth, you 
can compare surface chemistries. There 
are two good references to the theory 
and application of the technique, one by 
Harrick and the other by Milosevic (2,3).

Finally, as mentioned above, the wrong 
data processing technique can distort the 
spectrum. A good example is shown in 
Figure 2. A spectrum collected in diffuse 
reflection should be ratioed into Kubelka-
Munk (K-M) units. In the literature, there 
is a book chapter written by Griffiths and 
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de Haseth on the topic (4). When the 
spectrum is ratioed in absorbance (top), 
the peaks are distorted and appear satu-
rated, and minimal spectral information 
is available. By calculating the ratio in 
K-M units, the spectrum now looks nor-
mal and can be interpreted.

As illustrated, there are many sources 
of problems that can appear. If you un-
derstand the implications of the instru-
ment, the accessory, the sample, and 
the data processing on the final result, 
you will get a good answer to the analy-
sis question.
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collected. (b) After cleaning, the ATR element measured a new background col-
lection, and the actual spectrum of the sample shows no negative features. (c) 
The red spectrum shows the surface of the sample measured as the sample was 
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Analysis of Unlabeled Sibutramine in  
Dietary Supplements using Surface- 
Enhanced Raman Spectroscopy 
(SERS) with Handheld Devices

Martin M. Kimani, Adam Lanzarotta, and JaCinta S. Batson 

Counterfeit pharmaceuticals 
are fake or falsified drug products 
that pose a major threat to public 

health and the global supply chain. Coun-
terfeit drugs may be manufactured using 
incorrect or harmful ingredients, have 
insufficient amount of the active pharma-
ceutical ingredients (APIs), or may be pack-
aged and labeled to look like approved 
authentic products. Most of these drugs 
enter the U.S. supply chain via international 
mail facilities (IMFs) or express courier hubs 
(ECHs), and reports indicate that a substan-
tial amount of these drug products are not 
Food and Drug Administration (FDA) com-
pliant (1). 

To limit the number of dangerous phar-
maceutical products reaching the market, 
the U.S. Congress passed legislation grant-
ing FDA destruction authority for “articles 
of concern,” including violative products 
containing opioids or other nonapproved 
FDA drugs encountered at IMFs and ECHs 
(2). Laboratory analysis of these “articles 
of concern” for the presence of APIs and 
other drug substances may be needed 
for the FDA to exercise its administrative 
destruction authority. The package docu-
mentation, transit costs to FDA regulatory 
laboratories, analysis time, and report 

writing required by this process are time 
consuming for any significant impact of the 
destruction authority to be realized. 

The outcome of several mail blitz opera-
tions carried out at multiple IMF facilities 
throughout the United States revealed the 
presence of suspect counterfeit low-dos-
age pharmaceutical products and dietary 
supplements containing APIs. The suspect 
products were found to contain labeled 
and unlabeled APIs using established lab-
oratory-based methods such as Fourier 
transform infrared (FT-IR) spectroscopy, gas 
chromatography with mass spectrometric 
detection (GC–MS), and liquid chromatog-
raphy with mass spectrometric detection 
(LC–MS). To reduce the need to send IMF 
samples to a laboratory for analysis, the 
FDA’s Forensic Chemistry Center has been 
tasked with evaluating and implementing 
handheld or portable analytical instrumen-
tation to screen the contents of suspect 
packages for APIs in illicit medications, 
foreign unapproved pharmaceutical prod-
ucts, and unknowns (3). Rapid field-friendly 
methods using handheld or portable ana-
lytical tools, such as Raman spectrometers, 
FT-IR spectrometers, and direct analysis in 
real-time mass spectrometers (DART-MS) 
are needed to detect these APIs. 

Although handheld Raman spectrom-
eters are excellent for detecting high-
concentration APIs in suspect products, 
sensitivity limitations often preclude their 
use for detecting APIs at low concentra-
tions. This limitation can be overcome by 
utilizing the enhancement effect of noble 
metal surfaces for Raman studies. This 
surface enhancement effect was first doc-
umented by Fleischmann and associates, 
and later verified by Van Duyne, where the 
Raman scattering signal intensity of pyri-
dine molecules adsorbed on the surface 
of roughed silver electrodes was increased 
by 106 (4,5). The enhancement factor (EF) 
achieved using silver or gold colloids can 
facilitate the development of an efficient 
analytical tool for detecting low-concen-
tration analytes. Using handheld Raman 
spectrometers with an on-board match-
ing algorithm, surface enhanced Raman 
spectroscopy (SERS) methods have been 
developed and successfully validated to 
identify various APIs in our laboratory. 
These methods have been employed for 
use in the field to detect opioids, phos-
phodiesterase type-5 (PDE-5) inhibitors, 
local anesthetics, appetite suppressants, 
alkaloids, and several other drug products 
(6–9). Field-deployable handheld Raman 
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devices can provide the ability to detect 
suspect counterfeit drug products (10) and 
FDA-regulated products adulterated with 
undeclared APIs. As a representative ex-
ample, the study presented here describes 
a SERS method for detection of sibutra-
mine (Figure 1) found in adulterated dietary 
supplements. The SERS reference spectra 
of other adulterants previously observed 
in dietary supplements are also shown in 

Figure 1 (11). The development of a SERS 
method and implementation of a simple 
micro-extraction technique for sibutramine 
in capsules labeled as dietary supplements 
will be discussed. 

Materials and Methods
Sibutramine HCl, phentermine HCl and 
zolpidem reference standards were ac-
quired from Thermo Scientific. Certifi-

cates of analysis for the standards were 
received from the vendor, which verified 
conformity and purity (typically > 95%). 
Other reagents and materials used in-
cluded potassium bromide, methanol 
(Sigma Aldrich), silver colloids (Real-Time 
Analyzers), 3-mL luer-lock syringes (Bec-
ton and Dickinson), Target2 PTFE 0.45-μm 
pore size filters (Thermo Scientific). The 
following equipment was used: Gilson 
pipetman electronic pipette (Gilson Inc.), 
Vortex-2-Genie (Scientific Industries Inc.), 
and Mettler Toledo XS205 Semi-Micro 
balance (Mettler Toledo).

Instrumentation
Two handheld Raman spectrometers were 
used: a TruScan RM (785 nm laser) from 
Thermo Scientific and a Progeny ResQ 
(1064 nm laser) from Rigaku Americas.

Samples
Dietary samples taken from adjudicated 
cases and previously found to contain 
sibutramine using GC–MS or LC–MS were 
used for method development purposes.

Method Development
Standards Preparation
The API standards were weighed using a 
calibrated analytical balance, and a stock 
solution of 1 mg/mL of each standard was 
prepared in 10% methanol in H2O and di-
luted to concentrations of 500, 200, 100, 
75, 50, 25, 10, 5, and 1 µg/mL and 750, 500, 
250, and 100 ng/mL. 

A SERS signature spectrum of each API 
was initially collected without the addition 
of an aggregating agent. Next, 250 µL of 
silver colloidal solution was transferred to 
a 4 mL glass vial, followed by 250 µL of the 
standard (100 µg/mL) in 10% methanol 
in H2O and 5 µL of 3 M potassium bro-
mide aqueous solution. The glass vial was 
capped and vortexed for 30 s. The sample 
was left to react and equilibrate for 30 s 
prior to conducting Raman analysis. The 
suitability of the SERS signature spectrum 
was based on visual analysis of the signal 
intensity obtained for each standard. 

Sample Preparation:  
Micro-Liquid-Solid Extraction (micro-LSE)
For product that contained sibutramine, 20 
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FIGURE 1: SERS spectra of (a) phentermine HCl, (b) sibutramine HCl, and (c) 
zolpidem. The SERS spectra were collected using a (i) Progeny ResQ equipped 
with a 1064 nm laser and (ii) TruScan RM equipped with a 785 nm laser. Each 
analyte concentration was 100 µg/mL in 10% methanol in water with colloidal 
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mg of the capsule contents were weighed, 
transferred into a glass vial (a) and used for 
analysis. Using a pipette, 750 µL of 10% 
methanol in water (H2O) was added to vial 
(a), and the suspension was mixed on a vor-
tex mixer for approximately 30 s to extract 
the analyte into the solvent. The mixture 
was filtered into a new clean glass vial (b) 
using a 0.45-µm nylon filter to remove any 
particulate material. The contents in vial (b) 
were mixed with 500 µL of silver colloid so-
lution and the solution was vortexed for 30 
s. Finally, 5 µL potassium bromide solution 
was transferred to vial (b) followed by vor-
texing for an additional 30 s. The sample 
was left to react and equilibrate for 30 s 
prior to conducting Raman analysis.

Results and Discussion
Representative SERS reference spectra of 
the three adulterants previously observed 
in dietary supplements are shown in Fig-
ure 1. The SERS spectra of sibutramine, 
phentermine, and zolpidem reference 
standards at concentrations of 100 µg/
mL were collected using handheld Raman 
devices equipped with either 785 or 1064 
nm lasers. The SERS reference spectra col-
lected had suitable signal-to-noise ratios 
for use as signature spectra, and can be 
discriminated from each other based on 
their spectral features. 

Dietary supplements found to contain 
sibutramine using LC–MS and GC–MS 
were analyzed. As an example, the nor-
mal Raman and SERS spectra obtained 
from the analysis of a suspect capsule con-
tents are presented in Figures 2i[a–d] and 
2ii[a–d]. The normal Raman spectra of the 
capsule contents collected using Progeny 
ResQ and TruScan RM (Figures 2i[a] and 2ii 
[a]) did not exhibit any discernable peaks. 
The fluorescence observed in Figure 2ii (a) 
is because of the 785 nm excitation laser 
for TruScan RM versus 1064 nm for Prog-
eny ResQ. The 10% mathanol in H2O ex-
tract solution spectra (Figures 2i[b] and 
2ii[b]) are dominated by methanol peaks; 
none of these spectra exhibit peaks as-
sociated with a known adulterant. When 
the 10% methanol in H2O extract solution, 
silver colloids, and 5 µL potassium bromide 
aqueous solution are mixed, the Raman 
spectra obtained (Figures 2i[c] and 2ii[c]) 

depict peaks characteristic of the sibutra-
mine standard spectrum mixed with silver 
colloids and potassium bromide aqueous 
solution (Figures 2i[d] and 2ii[d]) and do 
not exhibit peaks characteristic of other 
adulterants, which have been previously 
detected in these types of products. For 
analyzing suspect capsules containing 
sibutramine, the lowest detectable concen-
tration (Cmin) was 5 µg/g for 1064 nm laser 
device and 1 µg/g for 785 nm laser device. 
The values in this range are low enough to 
detect sibutramine in dietary supplements. 
The supplements analyzed in this study 
were previously found to contain between 
2–30 mg of sibutramine per capsule using 
high-pressure liquid chromatography with 
UV detection (HPLC-UV). The reported 
Cmins are 400 to 6000 times lower for the 
1064 nm device and 2000 to 30,000 times 
lower for the 785 nm device relative to the 
concentration of sibutramine in individual 
capsules. The developed SERS method 
has its limitations, and API detection may 
depend on resonance, solubility, affinity 
for the metal surface, SERS cross section, 
or several of these factors.

The developed SERS method over-
comes the sensitivity limitations of con-
ventional Raman, and permits the low-level 
analysis of sibutramine typically observed 
in adulterated dietary supplements. Ad-
ditionally, the developed SERS method in 
conjunction with other orthogonal tech-
niques being used in the field can reduce 
the need to send IMF samples to regula-
tory laboratories while offering FDA the 
analytical data when needed to exercise 
its administrative destruction authority.
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Beyond the Beaker: How to  
Advance Your Scientific Career

Jeanita S. Pritchett 

I’ve got the STEM degree. Now, 
what’s next? How do I prepare for 
an interview? How do I land a leadership 

role? What do I do if I don’t want to work in 
a laboratory? 

These are common thoughts that many 
people in science, technology, engineer-
ing, and math (STEM) fields face as they 
are deciding what steps to take to get 
to their ideal career. While navigating 
through school or the early stages of a 
STEM career, emphasis is typically placed 
on the technical aspects needed within 
the field. Countless hours are spent learn-
ing how to master a hands-on technique 
to exhibit expertise in a subject or disci-
pline. However, advancing a STEM career 
and moving up the leadership ladder re-
quires additional skills outside of the tech-
nical expertise needed for the laboratory. 

Transitioning into a successful career 
demands skills outside of the knowl-
edge, expertise, and research acquired 
through attending an academic institu-
tion. It requires gaining awareness about 
what is needed to be fulfilled at work and 
investing time in developing soft skills– 
interpersonal skills, behavioral traits, and 
personal competencies that go beyond 
technical and analytical skills. Soft skills 
help to facilitate effective engagement 
with others, drive employee satisfaction, 
and ultimately complement any technical 

requirements needed for a job. Manag-
ers often seek individuals who can har-
monize technical and soft skills. Common 
soft skills include those related to:

• effective communication
• collaboration
• team building capacity
• emotional intelligence
• time management
• decision-making
• critical thinking
• networking.
Because these skills are so valuable, 

it is beneficial to think of them as “ca-
reer assets” rather than a simple set of 
skills. Why is that? By definition, an asset 
is a useful or valuable thing, person, or 
quality—much like monetary assets. 
You should acquire a broad portfolio of 
these professional assets for your career 
to flourish. 

As you navigate your career, keep a 
few of these suggestions in mind:

• Begin with the end in mind. Crafting a 
vision for what you need to feel fulfilled 
in life, both professionally and person-
ally, is key to manifesting those dreams. 
Check in with yourself often about your 
needs, and write them down! This will 
help to ensure that all of the things that 
you are doing are leading you toward 
your definition of success.

• Set S.M.A.R.T. goals and create an ac-
tion plan. The S.M.A.R.T. framework is 
a great way to set goals so you can re-
main accountable. The acronym stands 
for specific, measurable, attainable or 
achievable, relevant or realistic, and time-
bound. This method helps to clarify your 
goals, focus your efforts, and prioritize 
efficiently so that you can manage your 
time wisely. After crafting your goals, 
break down projects into manageable 
pieces to put your plan into action.

• Build your personal board of direc-
tors. Identify mentors, advisors, coaches, 
and sponsors to aid in your professional 
development and support you as you 
advance your career.

• Network, network, network! As the 
saying goes, it’s not what you know, it’s 
who you know. Practice networking as 
much as possible, and seize unconven-
tional opportunities to connect with 
others. Networking is about planting 
seeds that can be cultivated into future 
relationships. As you engage with others, 
be sure to articulate who you are, what 
you do, and most importantly, where you 
see yourself going. Remember, your net-
work equals your net worth.

• Be prepared to navigate the job 
search and interview like a pro. When 
updating your CV or resume, focus on in-
cluding statements of impact, and align-
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ing them with keywords found in the 
job posting. Prepare for interviews 
by researching the company, and be 
ready to ask meaningful questions. 
If you are struggling with prepar-
ing for the interview, focus on who, 
what, where, when, why, and how. 
Who are you? What do you do or 
what can you do for the company? 
Where do you see your career 
going, or where do you see yourself 
fitting into the company? When can 
you start? Why should they hire you? 
And, how will you get the job done?

• Tap into your emotional intel-
ligence. Having a good sense of 
your emotions and how they influ-
ence your behavior and interactions 
with others can be the foundation 
to developing meaningful relation-
ships with those around you. 

• Communication is key. Get to know 
what your communication style is, 
and practice regularly. Focus on 
the 6 C’s of Communication: clar-
ity, conciseness, credibility, candor, 
composure, and connection. As you 
engage with others, be mindful of 
non-verbal cues, and practice active 
listening to deepen conversations.

• Get to know yourself. Identify 
your greatest strengths (your “super 
powers”) and use them strategically. 
Don’t be afraid to lean into areas 
where you need improvement, to 
prevent weaknesses from becom-
ing your “kryptonite.” Be open and 
receptive to feedback and critique.

• Get comfor table with being 
uncomfortable; it ’s where the 
growth is. As you navigate your 
career, remain agile, flexible, and 
resilient.  

• Embrace a leader’s mindset. Lead-
ers inspire and motivate others by 
building authentic relationships and 
keeping a positive mental attitude. 
Embrace who you are and strive to 
keep growing into the best version 
of yourself.

Summary
Overall, the best thing to remember 
about your career is that you are in 

charge of determining the direction 
that it will head. Don’t be afraid to re-
visit your plans, and pivot as needed 
to make sure that you are being ful-
filled. Along the way, make sure that 
you find ways to acknowledge and 
celebrate your “wins” to help you stay 
motivated. Set goals, and be inten-
tional about your actions to achieve 
success on your own terms. 
 
The “Beyond the Beaker” workshop 
that was originally scheduled for SciX 
2021 had to be cancelled, but the SciX 
organizers look forward to offering 
this workshop at future SciX confer-
ences. Dr. Pritchett’s article speaks to 
SciX’s strong support of students and 
early career professionals.
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Investigating Protein  
Receptors and Other  
Biomolecules Using SERS and TERS

To better understand biological pro-
cesses, spectroscopists are develop-
ing innovative approaches that uti-
lize the unique interactions between 
nanostructured materials and light for 
near field imaging and ultrasensitive 
label-free spectroscopic detection. Zac 
Schultz of The Ohio State University 
and his team have utilized techniques 
like tip-enhanced Raman spectros-
copy (TERS) as well as surface-en-
hanced Raman spectroscopy (SERS) 
with gold nanostars, to demonstrate 
an approach to investigate chemical 
interactions involved in protein–ligand 
binding. Spectroscopy recently spoke 
to Schultz about this work. Schultz  
is the 2021 recipient of the Clara D. 
Craver Award from The Coblentz Soci-
ety which will be presented at this year’s  
SciX conference.

Will Wetzel 

Recently, you and your team 
conducted an experiment that 
demonstrated that gold na-
nostars (Au NSs) can be used 
to investigate the binding be-
tween the peptide chain ar-
ginine–glycine–aspartic acid 
(RGD) and αvβ3 integrin ( 1) . 
What was the most important 
question that this experiment 
answered, and what other im-
portant questions remain? 
Protein receptors are responsible 
for a wide range of biological activ-
ity—everything from communicat-
ing signals from the environment 
into the cell to being the docking 
si tes for pathogens and v iruses. 
The key is to understand the speci-
f ic i t y of the binding interac tion.  
In  th i s  ex per iment ,  we demon-
strated that the Raman signal from 
an Au nanostar with a shor t pep-
tide at tached can provide chemi-
cal information about the protein 
receptor i t  b inds w i th.  The de-
tec ted Raman s ignal  or ig inates 
from the protein, which allows us 
to di f ferent iate speci f ic binding 
to the desired protein f rom non-
specif ic, or random, binding that 
may tr igger other biological ac-
tivity. We believe this is an impor-

tant tool in understanding protein 
signaling–related applications like  
drug targeting.

One of your recently published 
research articles mentions that 
TERS and SERS can be used 
to investigate the interaction 
between proteins and ligands 
by selectively detecting the 
Raman signals of integrin from 
not only the purified receptor 
but from intact cell membranes 
as well (1). Can you elaborate 
on how the TERS s ignal dif-
fers from the SERS Au NS sig-
nal and why one technique may 
be more advantageous than  
the other? 
Both TERS and SERS amplif y the 
Raman signal f rom molecules in 
c lose (within a nanometer or so) 
proximity. TERS has the advantage 
that you can position the enhance-
ment with high spatial precision 
(a few ~10 nm).  SERS generates 
a comparable enhanced s ignal,  
but in SERS, it is typically dif ficult 
to say where the signal came from 
within the laser spot (typically ~1 
µm). The improved spatial resolu-
tion of TERS provides a more con-
trolled experiment to understand 
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where the s ignal or ig inates and 
how many receptors are probed, 
but this control comes at the sig-
nificant cost of speed and limited 
scan areas. In SERS, we can probe 
an entire cell (20 x 20 µm) in the 
same t ime i t  takes to acquire a  
1 x 1 µm TERS image. Interestingly, 
in our prior TERS work on RGD and 
integrins we detected nearly iden-
tical signals to our SERS work with 
Au nanostars. The SERS work would 
not have been as definitive without 
the ear l ier TERS work , but SERS 
enables higher throughput for this 
kind of characterization.

It  is described in the Sloan-
Dennison paper that chemo-
metric analysis was used to an-
alyze the spectral differences 
between Au-RGDFC and Au-
RGDFC–αvβ3 NSs (1). Why was 
multivariate curve resolution 
(MCR) applied, and what were 
you able to demonstrate using 
this data analysis technique?
Multivariate analysis enables us to 
use the entire Raman spectrum as 
the signature for the molecule. In 
univariate analysis, a single peak 
could ar i se f rom di f ferent mol -
ec u le s  conta in ing s imi la r  com -
ponents; however, by using mul-
t ivar iate analysis, we are able to 
d i f ferent iate s ignals  that might 
s ha re  a  common p eak  and ex-
trac t data associated with whole 
spectrum. We use MCR because it 
generates components that more 
c losely resemble the spec tra of 
molecules that comprise the ob-
ser ved signals. One of the more 
compell ing f indings is  the MCR 
component from a purified integrin 
receptor in solution is nearly identi-
cal to the component determined 
in cells, providing confidence to 
the molecular basis of our work. 

In another recent study you 
collaborated on, you and your 
team used the liquid chroma-
tography (LC)–SERS technique 

to  d e te c t  m e t a b o l i te s  ( 2) .  
Metabolomic s ,  which i s  the 
large-scale study of small mol-
ecules, is a powerful systems 
biology approach that moni-
tors changes in biomolecule 
concentrat ions to d iagnose 
and monitor health and disease. 
What challenges did you face in 
using this technique and what 
surprised you about the results 
obtained?
Metabolomics is an incredibly com-
plex f ield and analyzing metabo-
lites from cellular samples means 
there are many molecules present 
that can inter fere with detection. 
A common problem in SERS is that 
the molecules stick to the surface, 
which complicates sequential de-
tection of molecules; but we were 
able to statistically validate unique 
signals in our SERS chromatogram, 
which really opened the door to our 
work in this area. Honestly, the level 
of reproducibility from the cellular 
samples was impressive. I expected 
that we would identify one or two 
key signals, but our analysis showed 
patterns in a larger number of me-
tabolites from cellular samples.

Metabolomic s  has  emerged 
as a promising avenue in can-
cer research and diagnostics.  
What results have you achieved 
so far in this field using LC–
SERS?
As demonstrated in our 2020 An-
g ewandte Che mie  pu b l ic a t ion, 
t h e  m e t a b o l i t e s  d e t e c t e d  b y  
LC–SERS appear to be specific to 
the genetics of the tumor model. 
We examined normal t issue, and 
several  mouse-tumor models of 
breast cancer, and observed unique 
metabolite patterns in each biolog-
ical sample. This supports the idea 
that metabolomics can be used to 
monitor cancer progression and, 
potentially, response to therapy. 
This is not specific to SERS; how-
ever, the instrumentation costs as-
sociated with SERS are significantly 

lower than with many other tech-
niques. These reduced costs may 
facili tate access. We are hopeful 
our work may enable point-of-care 
metabolomics to assist in the diag-
nosis and treatment of cancer and 
other diseases.

Has receiving the Coblentz So-
ciety Clara D. Craver Award 
been an encouragement for 
you? Wil l  you continue with 
your current research plans 
moving forward or do you see 
a change in your research topic 
emphasis?
It is always nice to be recognized 
for the work you are doing. While 
I get to accept the award, it also 
validates the hard work and contri-
butions of my students, postdocs, 
and co l laborator s .  Recogni t ion 
l ike the Clara Craver Award pro-
vides motivation to continue that 
work and further advance science. 
Moving forward, we plan to con-
tinue advancing Raman detection 
for biomedical applicat ions. We 
are also interested in energy appli-
cations and hope to develop new 
v ibrat ional spec troscopy– based 
approaches to address these and 
other challenges.
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Recording the Raman Spectrum 
of a Single Molecule

Analytical chemists are continually striv-
ing to advance techniques to make it pos-
sible to observe and measure matter and 
processes at smaller and smaller scales. 
Professor Vartkess Ara Apkarian and 
his team at the University of California,  
Irvine have made a significant break-
through in this quest: They have recorded 
the Raman spectrum of a single azo-
benzene thiol molecule. The approach,  
which breaks common tenets about sur-
face-enhanced Raman scattering/spec-
troscopy (SERS) and tip-enhanced Raman 
spectroscopy (TERS), involved imaging 
an isolated azobenzene thiol molecule on 
an atomically flat gold surface, then pick-
ing it up and recording its Raman spec-
trum using an electrochemically etched 
silver tip, in an ultrahigh vacuum cryo-
genic scanning tunneling microscope.  
For the resulting paper detailing the effort,  
Apkarian and his associates are the 2021 
recipients of the William F. Meggers 
Award, given annually by the Society 
for Applied Spectroscopy to the authors 
of the year’s outstanding paper appear-
ing in the journal Applied Spectroscopy.  
We spoke to Apkarian about this research, 
and what being awarded this honor means 
to him and his team. The award will be 
presented to Apkarian at this year’s  
SciX conference.

John Chasse

What is the significance to the scien-
tific community of obtaining a Raman 
spectrum from a single molecule?
Improvement of spatial resolution has driven 
advances in optical microscopy, which has a 
history of over 1000 years. As far as molecu-
lar matter is concerned, seeing its smallest 
constituent, namely atoms, would be the 
ultimate limit. We have demonstrated this 
experimentally for the first time, by showing 
optical microscopy with a spatial resolution 
of 1.6 Å, equal to the radius of a silver atom 
(1,2). Beyond seeing single molecules, it is 
possible to wire molecules to photons (3), 
to use single molecules as complete opto-
electronic devices (4), and, more generally, 
to access the sub-nano frontier in science.

Were there any previous efforts that 
you found especially useful in ad-
vancing this work further, be it a par-
ticular scientific approach or merely 
motivation or inspiration?
Surface-enhanced Raman scattering/
spectroscopy (SERS) was discovered in 
1974 by noting that the Raman intensity 
of molecules adsorbed on a roughened 
silver electrode were ~1 million times 
stronger than anticipated. Despite the 
very large literature on principles and 
applications of SERS, the subject remains 
a source of fascination, and we are only 
now reaching a rigorous understanding 
because of experimental advances. Per-
haps the most incisive of these advances 
is SERS combined with scanning tunnel-

ing microscopy (STM) carried out under 
ultrahigh vacuum (UHV) conditions and 
cryogenic temperatures (5 K), exempli-
fied by the current paper (1). This was 
the first direct demonstration that the 
spectrum of a single molecule can be ob-
served on roughened silver by STM imag-
ing of the molecule, and then picking it 
up by the tip and recording its spectrum. 
The observations, which were rigorously 
analyzed, went against many tenets as 
stated in the last line of the paper’s ab-
stract: “Tips decorated with asperities 
break the rules and give unique insights 
on Raman driven by cavity modes of a 
plasmonic junction.”

Our motivation and inspiration were 
the years of indirect experimental ob-
servations that had generated significant 
folklore about the subject. Decisive ex-
perimental observations were necessary 
to break through. It took us ~10 years to 
build the instrument and reach the point 
where we could carry out the definitive 
measurements. There are now a hand-
ful of laboratories in the world that have 
built up the same capabilities, such as Ze-
nchao Dong’s group in USTC and Martin 
Wolf’s group at the Max Planck in Berlin, 
and Nan Jiang’s group at University of Il-
linois, Chicago and the number is grow-
ing as the tools become more accessible. 

What motivated you to focus on this 
specific approach to this challeng-
ing problem?
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The concept that light can be super-focused 
on a plasmonic wedge (5) or cone was well-
established theoretically (6), and the ap-
proach of tip-enhanced Raman had already 
been taken by several groups starting circa 
2000. The definitive experiments required 
atomic control of tip morphology, sub-Å 
resolution in scanning, and Å-scale stability 
in the substrate, which could be achieved 
by combining precision optics and a UHV 
cryogenic scanning tunneling microscope. 
This required significant instrumental de-
velopment, and our earlier reports of atom-
resolved optical imaging involved photo-
tunneling (7) and electroluminescence with 
submolecular resolution (8). 
 
What was your process to devise a 
method to measure the spectrum of 
a single molecule?
The combination of optics with high collec-
tion efficiency and ultrahigh vacuum scan-
ning tunneling microscope operating at 5 
K under pristine conditions was necessary 
to learn the governing physics, and to be 
able to definitively image a single molecule 
and record its Raman spectrum. 

How was your approach different 
from what others have previously 
tried?
Precision instruments were necessary 
to learn that general notions of tip-en-
hanced Raman scattering (TERS) were 
misguided. We developed TERS in the 
atomistic near-field, by recognizing that 
on atomically sharp silver needles, the 
photon converts to charge.

Do you think that your method may 
be broadly used in laboratories, or 
will it be a specialized research proj-
ect for some time to come?
I expect it to be broadly used, and already 
many new efforts are starting around  
the world.

What sort of feedback did you re-
ceive?
I find it somewhat ironic that previously 
the work was rejected twice. One cri-
terion used to that end was that the de-
scribed work could not be duplicated 
elsewhere. The body of the work carried 

by the team is now being recognized and 
adapted, as evident by the citations of the  
subsequent works (2–4).

Were there any particularly difficult 
challenges you encountered in your 
research?
The effort, which involved significant in-
strument development and the creation 
of a dedicated laboratory, required sig-
nificant marshaling of resources and a 
long-time commitment, was only possible 
through center-type support provided by 
the National Science Foundation (NSF). 
We first proposed the work to NSF in 
2007, and created the Center for Chem-
istry at the Space-Time limit (CaSTL) for 
the expressed purpose of observing mo-
lecular motions with atomistic resolution. 
The Center had a 10-year lifespan, and 
delivered on its lofty promise of creating 
the chemists’ microscope.

Can you elaborate on the strengths 
that each member of the team 
bought to the project?
Joonhee Lee has been the team leader 
(project scientist) from inception to sun-
set of the CaSTL Center. He has led all 
aspects of the work, from construction 
of the instrument to execution of experi-
ments to theoretical analysis, and now has 
started his own group at the University of 
Nevada to continue along the same gen-
eral line of research. Nick Tallarida and 
Laura Rios were graduate students at the 
time. They were engaged in the execution 
of the very intensive experimental work 
and modeling, both in this project and 
several other joint publications on related 
work. The Mars mission is in Nick’s good 
hands who is now at NASA, Jet Propul-
sion Laboratory (JPL), and the education 
of next generation scientists is Laura’s 
good hands, as she is now on the faculty 
at the California Polytechnic Institute. 

What are the next steps regarding 
this research?
This work has already led to a significant 
body of developments reflected in the lit-
erature (2–4) and a series of papers in the 
making, addressing the sub-nano scale in 
microscopy, molecular devices, molecu-

lar electronics, with the key development 
being the confinement of the photon. Just 
like the confinement of the electron, which 
seeded nanoscience, the atomically con-
fined photon (attained at the apex of an 
atomically sharp STM tip) has opened up 
the frontier of picoscience, another order 
of magnitude in miniaturization of devices.

What does being awarded the Wil-
liam F. Meggers award mean to you?
A tremendous amount of dedication and 
effort was expended by all team mem-
bers in carrying out the work that appears 
on several pages of the journal. The cryo-
UHV-STM-SERS/TERS work is complex and 
demanding. The experiments usually de-
mand 24/7 operation over weeks on end. It is 
therefore satisfying to see an appreciation of 
the fruit of that labor by the Meggers Award.
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Investigating Lanthanide  
Deposition Patterns in Tissue 
Using LA-ICP-MS Imaging

In recent years, concerns have arisen 
about the potential accumulation of 
lanthanides, like lanthanum and gado-
linium, in the human body as a result of 
their use in clinical treatments or imag-
ing contrast agents, or from exposure 
through drinking water contaminated 
with contrast agents. Laser ablation–in-
ductively coupled plasma–mass spec-
trometry (LA-ICP-MS) imaging, which 
can provide spatially resolved quanti-
fication of trace elements in biological 
samples, is a powerful tool to investi-
gate these questions. Uwe Karst, of the 
University of Münster in Germany, has 
been conducting research in this area, 
and he recently spoke to us about this 
work. Karst is the 2021 recipient of the 
Lester W. Strock Award from the New 
England Chapter of the Society for Ap-
plied Spectroscopy (SAS), which will 
be presented at this year’s SciX con-
ference.

John Chasse  

In a recent study (1), you investigated 
the deposition of lanthanum in two 
patients who received lanthanum 
carbonate as a phosphate binder 
because of chronic kidney injury and 
compared it to additionally found 
gadolinium deposition resulting 
from its use as an MRI contrast agent. 
What are the benefits and risks asso-
ciated with using these chemicals on 
human subjects?
This complete research area is based on 
findings that gadolinium from magnetic 
resonance imaging (MRI) contrast agents 
may be deposited in different parts of the 
human body. This was first found around 
2006, when a nephrogenic systemic fibro-
sis was discovered, caused by deposition 
of gadolinium in the lower parts of the 
skin, the dermis. This disease was found 
to occur only for terminally kidney insuf-
ficient patients who received gadolinium-
based contrast agents (GBCAs) with linear 
ligands, while it was not observed for pa-
tients who were treated with GBCAs with 
macrocyclic ligands. In 2015, depositions 
in the dentate nucleus and other areas of 
the human brain were found, and, again, 
they were mainly observed for patients 
given GBCAs with linear ligands, thus 
causing significant concern among radiolo-
gists. However, despite these discussions, 
GBCAs remain essential tools for the diag-

nosis of several diseases, including brain 
tumors and many others. 

Lanthanum carbonate is administered 
to dialysis patients orally in quantities of 
up to three grams of lanthanum daily. In 
the stomach, it is dissolved in the acidic en-
vironment, and “free” lanthanum(III) ions 
are released that may subsequently pre-
cipitate and be excreted with phosphate 
from the patient´s blood as lanthanum 
phosphate. Studies on the total concentra-
tion of lanthanum in the human body after 
significant use of lanthanum carbonate by 
patients showed only a limited deposition 
of this element in different organs. For 
this reason, lanthanum carbonate is con-
sidered to be relatively safe for patients 
compared with other phosphate binders. 
However, a major reason for its limited use 
is its comparably high price.

Was the correlation between depo-
sition sites of lanthanum and gado-
linium expected, or surprising?
At first sight, the co-deposition of both 
lanthanides is not surprising, considering 
the chemical similarities of all lanthanides. 
On the other hand, the chemical binding 
forms, or species, of both elements, as they 
enter the human body, differ strongly. For 
gadolinium, the respective stable com-
plexes are injected intravenously; for lan-
thanum, a limited quantity of “free” La3+, 
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likely complexed with small endogenous 
ligands, is taken up, while the majority is 
excreted as lanthanum phosphate or lan-
thanum hydroxide.

Lanthanum can therefore be con-
sidered as proxy for “free” gadolinium, 
which might enter the body after oral 
uptake of contrast agents, such as from 
contaminated drinking water. It should be 
considered that the stability of the GBCAs 
under acidic conditions, including those in 
our stomach, is limited, giving rise to the 
expectation that oral uptake of GBCAs 
would lead to exposure towards “free” 
lanthanum(III) ions rather than the intact 
GBCAs. For this reason, our results clearly 
show that the exposure of humans to the 
lanthanides strongly depends on the re-
spective binding forms, but that released 
Gd(III) and La(III) are found in the same 
areas of the body, as could be expected.

Spatial distribution of gadolinium and 
lanthanum was determined by quan-
titative LA-ICP-MS imaging of tis-
sue sections. How many tissue types 
were sampled, and what are the ben-
efits to using LA-ICP-MS imaging for 
this analysis over other analytical 
techniques?
Although we tried to obtain a much larger 
number of patient samples, one of the 
challenges of this work was to draw conclu-
sions from the limited number of only two 
patients. From only one of these patients, 
we received and investigated several tis-
sues, including cerebellum, thyroid gland, 
muscle, and liver. LA-ICP-MS imaging was 
crucial in this work to quantify the concen-
tration of gadolinium and lanthanum in a 
spatially resolved manner in all of these tis-
sues, thus allowing us to obtain data on the 
distribution of these and other elements. 
The paper shows, for example, that the 
distribution of gadolinium and lanthanum 
in the vessel walls of the dentate nucleus 
within the cerebellum is literally identical, 
but with much larger concentration ratios 
between gadolinium and lanthanum in this 
sample than in other organs, thus provid-
ing the information that intact GBCAs will 
have easier access to the brain than “free” 
lanthanide ions, as in the case of lantha-
num carbonate.

LA-ICP-MS is the only easily accessible 
technique that is able to provide informa-
tion concerning spatial resolution in the 
low- to mid-micrometer range and with 
ppm- to ppb-concentration sensitivity 
rapidly, and only synchrotron X-ray fluores-
cence (SXRF) could provide similar informa-
tion at all, although with strongly limited 
access to the required large-scale facilities.

What conclusions have you come to 
so far in your research, both analyti-
cally and clinically?
The research of several groups worldwide, 
including ours, confirms that LA-ICP-MS 
indeed is a very powerful method for 
spatially resolved quantification of trace 
elements in biological samples. The con-
clusion of this particular work is that oral 
administration of GBCAs as contamination 
in drinking water or other sources may re-
sult in completely different pathways than 
intravenous application during medical di-
agnostics. This is important as people start 
speculating about human exposure from 
environmental contamination of GBCAs 
that may increase in the future, because of 
increasing medical use of GBCAs.

What special sample preparation 
techniques are used for this method?
LA-ICP-MS in general only needs limited 
sample preparation, as samples can be 
analyzed as thin tissue slices with approxi-
mately 3–10 µm thickness, prepared in the 
same way as pathologists do. Traditionally, 
pathologists first rinse their samples with 
increasing amounts of ethanol, followed by 
increasing amounts of xylene, and finally 
paraffin embedding. This way, samples can 
be stored as paraffin blocks at room tem-
perature literally for decades, and the qual-
ity of tissue slices for histology even after 
a long time remains excellent. For LA-ICP-
MS, it has to be considered that not only 
physical sample integrity has to be pre-
served, as it does for pathology, but that 
the chemical integrity of the sample has to 
be preserved as well. Therefore, we always 
have to consider that no sample constitu-
ents should be washed out or carried into 
the sample to avoid artifacts. Therefore, 
cryosamples, obtained by rapid freezing of 
the samples down to -78 °C, often are the 

method of choice, although cryoartifacts 
may alter the quality of the tissue slices. In 
real life, the vast majority of samples will be 
based on paraffin embedding, and their 
usefulness depends on the chemical spe-
cies to be analyzed. 

What are the biggest challenges or 
limitations that you have encoun-
tered in developing this method?
In most cases, major challenges are as-
sociated with sample preparation in these 
highly interdisciplinary projects. Earlier 
work by our group, for example, has shown 
that intact GBCAs are rapidly washed out 
from tissues by paraffination and depar-
affination procedures, while gadolinium, 
which was deposited by dechelation in 
tissues, may remain there during these 
processes. Therefore, sample preparation 
has to be discussed with our cooperation 
partners from medicine and biology prior 
to starting any major projects. In this par-
ticular case, we were interested in depos-
ited gadolinium and lanthanum, so paraf-
finated samples were suitable.

What options or alternatives are 
available to overcome these chal-
lenges?
Actually, a limited number of other options 
remains. Even if SXRF were available to 
the required extent, the same challenges 
would apply, as they are more linked with 
sample preparation than with the elemen-
tal imaging method itself. Over the years, 
we have learned that it is essential to begin 
any cooperation with a very clear discus-
sion about what our cooperation partners 
from medicine and biology can expect 
with respect to limits of detection, spatial 
resolution, and information about the ana-
lyte. On the other hand, we have to clearly 
state our requirements regarding sample 
preparation (paraffin vs. cryosamples) and 
the consequences that arise, in terms of 
what analytical information can be ob-
tained, depending on the sample type. As 
a chemist, I am always excited to see how 
much more we can achieve in this field by 
appropriately considering the chemical na-
ture of the analyte and the respective con-
sequences for sampling and calibration.

● Continued on Page 33
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High-Definition Fourier Transform 
Infrared Spectroscopic Imaging 
of the Tumor Microenvironment

In cancer, the tissue microenvironment 
is an important determinant of disease 
progression and development. Spec-
troscopic imaging offers promise to 
reveal important information about 
what is happening in these microen-
vironments, with the potential to bet-
ter predict tumor behavior. Professor 
Rohit Bhargava and his team at the 
University of Illinois, where they have 
established the Cancer Center at Il-
linois, are advancing research in this 
area, using techniques such as high-
definition Fourier transform infrared 
(HD-FT-IR) coupled with machine 
learning. Spectroscopy recently spoke 
to Bhargava about this work. Bhargava 
is the 2021 recipient of the Ellis R. Lip-
pincott Award, which will be presented 
at this year’s SciX conference.

Will Wetzel  

You and your team focused 
greatly on studying the spatial 
constraint that is measured by 
the shape and structure of tu-
mors and how this affects how 
individual tumor cells interact 
with the tumor cellular microen-
vironment. Particularly, you and 
your team believed that high-def-
inition Fourier transform infrared 
(HD-FT-IR) spectroscopic imag-
ing, coupled with machine learn-
ing can accurately identify tumor 
microenvironment components in 
tissue images. What makes this 
an important question to solve 
and what is its significance to 
medical research and develop-
ment?
Despite significant advances in can-
cer biology, we still need to under-
stand cancer progression in its en-
tirety. A greater understanding of its 
spatial and biochemical composition 
can lead to new opportunities in di-
agnostics and therapeutics, for ex-
ample. We believe that this could be 
an area where spectroscopic imaging 
provides a solution FT-IR imaging of-
fers a full spectral range and, with HD 
optics, an orderly means to minimize 
the volume from which high-quality 
data can be obtained. Machine learn-

ing takes this extensive data set and 
provides insights that are dif ficult 
to appreciate manually, while being 
objective and consistent in assess-
ment. Together, these techniques 
can help characterize the tumor mi-
croenvironment and its influence on 
cancer progression. There is also a 
significant opportunity for spectros-
copists to drive new technologies, 
balancing speed, spectral detail, 
and spatial resolution to provide in-
tegrated solutions that can help ana-
lyze the complexities of tissue and 
their microenvironments. In fact, the 
tissue microenvironment is a general 
determinant of disease progression 
and development. We now have a Na-
tional Institutes of Health (NIH) sup-
ported training program in which we 
educate the next generation at this 
interface of imaging, computation, 
and molecular content. 

In your article, you and your team 
talked about a high-definition in-
frared imaging–based organiza-
tional measurement framework 
(INFORM) that leverages intrin-
sic chemical contrast of tissue to 
label unique components of the 
tumor and its microenvironment. 
Why is INFORM a great technique 
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for the analysis you are doing?
INFORM is an early-stage tool to 
show that leveraging the microenvi-
ronment information through IR im-
aging can add value to our ability to 
distinguish between potentially more 
and less aggressive colon cancer. The 
ability to predict the potential lethal-
ity of the disease at the time of initial 
diagnoses can potentially allow us to 
intervene quickly in those with the 
greatest need, discover new factors 
that can help predictions and guide 
further research. Now that we have 
this technological demonstration, 
we can build on this, refine the tech-
nique, and translate it to test on pa-
tient populations. I should also point 
out that this study is just the latest ex-
ample of using the microenvironment 
to study disease progression. We and 
other groups have previously also 
reported association of microenvi-
ronmental changes with disease pro-
gression. The need now is to further 
develop technology and explore its 
use in specific problems, which this 
study attempted to do.
 
In your study on predicting tumor 
behavior, what did you do in this 
study that is different from what 
other researchers have done?
The major dif ference between our 
work and that of others is that we 
have championed imaging a diver-
sity of tissue samples, using a tissue 
microarray format, now with HD-FT-
IR imaging. Using a tissue microar-
ray format with HD-FT-IR imaging is 
a time-consuming and onerous task 
but essential to motivate the devel-
opment of faster imaging techniques. 
To our knowledge, our work is also 
the most extensive study (in terms of 
number of patients) reported thus far 
with HD-FT-IR imaging. Next, we de-
veloped a computational pipeline to 
utilize this data and explicitly derive 
parameters from different cell types 
of the tumor microenvironment. Fi-
nally, we translated the develop-
ment to surgical samples and dem-
onstrated predictive capability from 

parts of the tumor. Thus, the work 
establishes a technological pathway 
from laboratory to clinical samples. 

Will varying types of tumor tis-
sue prove to be more difficult to 
discriminate?
Yes, indeed. The more normal a 
tumor is, both biochemically and 
morphologically, the tougher it will 
be for any technique. However, given 
the vast potential of spatial-spectral 
IR data, I think the question we should 
be asking is: How accurately and op-
timally can we recognize disease for 
almost all cancers? 

What challenges did you face in 
developing and implementing 
microenvironment-based imag-
ing?
The main challenges are the com-
plexity of the microenvironment and 
a lack of a priori information on which 
components can be measured in IR 
with sufficient accuracy to allow us to 
use them for predictions. These ana-
lytical considerations are confounded 
by the heterogeneity and variation of 
the disease itself. 

Is HD-FT-IR being used for pa-
tient treatment at this time? 
What are the barriers to fully 
implementing this technique in 
medical practice? 
No FT-IR imaging technique is not 
being used for patient treatment at 
this time. That is a somewhat prema-
ture step for this field. After many 
years of fundamental progress, we 
have contributions by many groups 
to dif ferent types of instruments, 
novel analysis techniques, and dem-
onstrations of various applications. 
Together, these three areas come 
together to provide useful solutions 
that then need to be validated in 
large patient cohorts. I should cau-
tion that, although the data quality 
of HD-FT-IR is high, high imaging 
quality (often at the expense of time 
or signal to noise ratio) is not an au-
tomatic technological solution for 

every problem. A careful matching 
of the needs, technology develop-
ment, and validation is needed for a 
few use cases. This remains the main 
barrier to further, translational devel-
opment.

You received the Ellis R. Lip-
pincott Award because of your 
contributions to the fundamen-
tal physics and instrument en-
gineering of mid-IR microscopy 
and its applications to medical 
imaging. What are your next 
steps in furthering your research 
and what do you think is the fu-
ture of medical imaging?
I am deeply honored to have received 
this recognition. It is a testament to 
the growing field of IR imaging that 
the work of my research group has 
been recognized. The last 10 years 
have seen an accelerating trend of 
progress with new theoretical under-
standing, the availability of quantum 
cascade lasers, many new instrument 
configurations, and application of IR 
imaging to a much broader range of 
problems. Our research continues to 
push some of these directions as well 
as engage a broad group of practi-
tioners. We are planning to focus 
on the development of fast imaging 
systems, with expanded information 
content arising from higher quality 
spatial and spectral data and using 
it to study the microenvironment 
in a variety of cancers. We believe 
that this technology can contribute 
to medical research and practice by 
offering a new source of information 
that is particularly suited to the ex-
amination of complex tissues. 

Rohit Bhargava is 
a Founder Profes-
sor of Engineer-
ing and serves as 
the Director of the 
Cancer Center at Il-

linois of the University of Illinois at 
Urbana-Champaign.●
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Quantitative Analysis Using  
Surface-Enhanced Raman  
Spectroscopy (SERS) 

Surface-enhanced Raman spectros-
copy (SERS) is used to improve Raman 
scattering, often allowing the detec-
tion of single molecules. It generates 
molecularly specific fingerprints of 
analytes, and, with carefully controlled 
experimental conditions, can be highly 
quantitative. Roy Goodacre, a pro-
fessor of biological chemistry at the 
University of Liverpool in the United 
Kingdom, first used this technique to 
achieve whole-organism fingerprinting 
of bacteria, and then explored SERS in 
a variety of other applications, includ-
ing within biotechnology, disease diag-
nostics, quantitative detection, imag-
ing, food security, and more. Goodacre 
is the 2021 winner of the Charles Mann 
Award for Applied Raman Spectros-
copy, which will be presented at this 
year’s SciX conference.

Cindy Delonas  

Has your work with SERS solved 
some of the challenges commonly 
associated with Raman spectros-
copy for quantitative analysis, 
such as native sample fluores-
cence and standardization of 
Raman intensity? 
That’s a great question, and many 
people believe SERS to lack reproduc-
ibility. In fact, SERS can be made highly 
quantitative, which addresses the sec-
ond half of your question in terms of 
standardization. Our group have devel-
oped SERS for quantitative analysis and 
embedded design of experiments to 
search the possible experimental land-
scape in terms of type of metal ions to 
reduce, how to perform the reduction 
(which dictates the “capping” agent 
on the nanoparticle surface), as well as 
conditions used to initiate aggregation 
(in terms of salts as well as controlling 
the pH of the environment). When you 
do this, you can come up with nice be-
spoke protocols that lead to high levels 
of standardization.

In terms of fluorescence, we very 
rarely see this. This is due, I believe 
(I’m no physicist), to energy transfer 
occurring during the excitation. In 
fluorescence, the molecules in the 
system absorb energy and are in the 
electronic excited state. After non-

radiative decay, fluorescence is seen 
as the emission of light at a longer 
wavelength to the incident radiation. 
However, in SERS, which uses metallic 
nanoparticles, a type of fluorescence 
resonance energy transfer (FRET) 
mechanism occurs where the light is 
not emitted, but this energy is trans-
ferred to the metal. I might have that 
a bit wrong, but, anyway, SERS effec-
tively quenches the normal fluores-
cence process. This is why a lot of peo-
ple still use Rhodamine 6G, a highly 
fluorescent dye, to illustrate that their 
SERS conditions work. There are possi-
bly more SERS spectra of this molecule 
in the literature than your readers have 
had hot dinners!

In your paper “Recent develop-
ments in Quantitative SERS: Mov-
ing towards absolute quantifica-
tion,” (1) you and your colleagues 
critiqued the development of 
quantitative SERS from simple 
univariate assessment of single 
vibrational modes to multivariate 
analysis of the whole spectrum 
for improved quantification. What 
knowledge did you and your team 
gain from this study? 
This was actually a review that I wrote 
along with my colleagues, Professors 
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Karen Faulds and Duncan Graham 
(from the University of Strathclyde in 
Scotland), rather than a primary paper. 
I’m glad you ask about this, as reviews 
are really good ways to synthesize 
knowledge, and thus to refine con-
cepts and to formulate new ideas. In 
this review, we specifically looked at 
how fellow scientists had developed 
SERS to be quantitative, and thus 
used to provide reproducible and ro-
bust values for absolute levels of key 
analytes (or what we may term deter-
minands). There are a number of things 
that can affect quantification, and 
these include (among others) variation 
in laser fluence during the experiment, 
as well as the number of aggregated 
nanoparticles with associated mol-
ecules within the SERS–Raman collec-
tion voxel. At the end of this process, 
the charge-coupled device (CCD) 
within a Raman spectrometer will give 
readouts of energy.

SERS is no dif ferent from using, 
for example, liquid chromatogra-
phy–mass spectrometry (LC–MS) to 
quantify drugs in athletes’ blood and 
urine during the Olympics. LC–MS 
only provides absolute levels of these 
drugs and their metabolites when 
the detector (the MS in this case) is 
calibrated appropriately. SERS is no 
different, one needs to calibrate the 
system, and once you do this, then 
absolute quantif ication is readily 
achieved.

What we learned and reported in 
this review was that several groups 
had come to the conclusion that two 
general experimental strategies can 
be used to calibrate the whole sys-
tem so that absolute quantification 
(for example, µM or ng/mL of a tar-
get in, as an example, blood or urine) 
could be accomplished. Rather inter-
estingly, both these approaches have 
been borrowed from other fields, in-
cluding mass spectrometry!

The first method involves spiking 
the sample with a stable isotope of 
your molecule. This can be 13C or 15N, 
but what is particularly useful is the use 
of deuterium (2H or D) as the reduced 

mass changes (for example, substi-
tution of C–H with C–D) cause very 
large shif ts in vibrational frequen-
cies. This method has been termed 
isotope dilution surface-enhanced 
Raman scattering (IDSERS), and the 
use of isotopologues of the target 
molecule overcomes any competi-
tive co-adsorption or co-association 
with the metal sur face, since the 
natural isotope and stable isotope 
have very similar physical properties. 
This also overcomes any laser power 
fluctuations as both analyte and in-
ternal standard are recording simul-
taneously. The isotope standards 
(isotopologues) can then be used as 
subtractions, or as ratios if key peaks 
are clearly seen within the spectra 
for both natural and stable isotope. 
Alternatively, one can use multivari-
ate analyses such as linear regression 
techniques like partial least squares 
(PLS), which uses the full spectrum, or 
multivariate curve resolution (MCR), 
which unmixes spectra to generate 
a series of “pure” spectra, as well as 
corresponding concentration values.

The second method is to use the 
standard addition method (SAM), 
where the standard here is the ana-
lyte you want to quantify. In SAM, the 
standard is the natural isotope, and 
so will have the same SERS spectrum 
as the molecule within the sample. 
The standard is then “spiked” into 
the sample multiple times at differ-
ent known levels. The areas of di-
agnostic peaks are then calculated, 
and plots of these peak areas against 
the concentration of the spiked stan-
dard will yield a straight line. The key 
thing here is that the zero-level spike 
will still have a peak from the target 
molecule, and so the “0” spike con-
centration will intercept the y-axis. 
The slope can then be used to cal-
culate the level of the molecule in 
the sample with high precision and 
accuracy.

These methods both give absolute 
quantification of targets and are ex-
cellent methods “borrowed” from 
other areas of analytical chemistry.

What are some of the newest uses 
of SERS for clinical diagnostics?
Well, let’s look at what ef fect the 
last 18 months or so have had on the 
SERS field. Many people have shifted 
their work towards detecting whether 
someone has Covid-19 or not. Some 
of these studies have been based on 
profiling a body fluid. For example, sa-
liva has been used in a recent study by 
Carlomagno and colleagues (https://
doi.org/10.1038/s41598-021-84565-3), 
where multivariate analysis was then 
used for identification of SERS patterns 
that are associated with infection. Al-
ternatively, the virus can be measured 
directly using PCR-based approaches 
or via antibody detection, and these 
methods are coupled with SERS where 
the read out is SERS of a specific target 
dye. These methods, including lateral 
flow devices, feature in a recent re-
view by Saviñon-Flores and associates 
(https://doi.org/10.3390/bios11030066).

I guess what this pandemic has 
achieved is to focus people’s minds 
on diagnostics. This proves that this 
area, and especially point of care diag-
nostics, is important and has allowed 
mass screening of populations. And, 
of course, all these methods of diag-
nostics are embedded within excellent 
analytical science.

Do you see SERS being imple-
mented in practical clinical diag-
nostics? And is quantitative analy-
sis important?
In addition to Covid-19 detection dis-
cussed above, other developments 
of SERS for clinical application are 
highlighted in our review in Trends in 
Analytical Chemistry (TrAC) (1). I think 
one of the most interesting of these 
includes SERS methods for measuring 
drugs and their metabolites (xeno-
metabolites) directly in human bio-
fluids (for example, blood and urine). 
Because no chromatography is used, 
these methods are very rapid, with 
results generated in a few minutes. 
Here, quantification is very impor-
tant, and the measurement of drugs 
and their xenometabolites also allows 
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one to calculate pharmacodynamics. 
In addition, SERS can also be used to 
know if someone has taken an illicit 
drug several days ago, because drug 
metabolites are generally cleared from 
the body at a slower rate than the drug 
itself.

The speed of analysis here is a huge 
advantage, because many manufac-
turers are producing handheld and 
portable Raman instruments that can 
be taken to the patient, rather than 
shipping a sample to a central testing 
facility. I see the future of SERS being 
within diagnostic point-of-care appli-
cations.

In another paper, you described 
how SERS was used for simulta-
neous detection of multiple novel 
psychoactive substances (NPS) as 
an alternative to various hyphen-
ated methods such as gas chroma-
tography (GC) or liquid chroma-
tography with mass spectrometry 
(LC–MS) (2). What advantages 
does the use of SERS have over 
these hyphenated methods for 
quantitative analysis of NPS?
The main advantages are similar to 
those articulated above. SERS can be 
made portable, and is rapid, which 
means that the methods can be used 
for on-site for testing. This could be for 
testing someone for illicit use of these 
substances.

An alternative application would be 
to develop and deploy SERS within 
drug testing centers in large events like 
music festivals to check the authen-
ticity of NPS. Unfortunately, some of 
these psychoactive drugs are impure 
or may contain NPS fentanyl analogs 
or indeed fentanyl itself. These can be 
lethal and there have, unfortunately, 
been several cases in the USA, so au-
thentication of drugs prior to use is re-
ally important.

What challenges do you think that 
SERS will have in sample presen-
tation for quantitative detection 
and discrimination of a range of 
NPS?

The main challenges will be sample 
processing to extract NPS from body 
fluids, and then ensuring that the NPS 
associates with the metal surface of 
the nanoparticles because the analyte 
needs to be close to or bound to the 
surface. Neither of these are straight-
forward, but we can again borrow 
approaches that we use in our mass 
spectrometry-based metabolomics. 
If we want to know the actual con-
centration in a biofluid, then one can 
adjust for any variance in the extrac-
tion efficiency by spiking in isotopes 
of the NPS target molecules directly 
into the sample being measured be-
fore any sample preparation has taken 
place. This means that any variation in 
sample preparation is accounted for, 
as the NPS and its isotope equivalent 
have the same chemistries and so will 
be extracted with highly similar effi-
ciencies. Any extraction and measure-
ment errors can then be accounted for 
by using the ratios of the isotopes in 
the naturally occurring NPS and com-
paring this with any stable isotopes in 
the NPS spike. This approach is also 
discussed in our review published in 
TrAC (1).

For the discrimination of a wide 
range of NPS, what we reported in an-
other paper (2) is that the SERS spec-
tra contain vibrational features that 
reflect their core chemical structures. 
When we performed unsupervised 
cluster analysis using PCA (principal 
components analysis), we found that 
the NPS samples grouped into three 
distinct clusters that were identified as 
methcathinones, aminoindanes, and 
diphenidines. This is potentially very 
exciting, and could be exploited in the 
future. Clandestine chemists gener-
ate new NPS by modifying a designer 
drug by the addition of chemical 
groups to a core chemical structure, 
and that core reflects the psychoac-
tive activity of the drug. Being able to 
identify the core structure of an NPS is 
as important as having a method that 
gives specific spectral fingerprints 
that allow for the identification of in-
dividual NPS.

Is there a specific direction you 
see this technique developing into 
over the next few years? In other 
words, are there unmet challenges 
to this technique that if resolved 
would bring broader applications?
SERS, at the moment, is mainly used 
within research laboratories. However, 
the realization that this method can 
be made to be robust, reproducible, 
highly quantitative, and that it is in-
herently portable suggests to me that 
it is only a matter of time before this 
technique can be translated from the 
laboratory to the clinical environment.

I’m not the only one to think this. 
Inspired by employing SERS for ther-
apeutic drug monitoring, Professor 
Alois Bonifacio (from the University of 
Trieste in Italy) led a large-scale multi-
instrument interlaboratory study, as 
part of the EU COST Action BM1401 
Raman4Clinics to address whether 
equivalent data can be collected 
in different laboratories. This study 
was published last year in Analytical 
Chemistry (https://doi.org/10.1021/
acs.analchem.9b05658), and shows 
that SERS can indeed be standard-
ized, and that once standard operat-
ing procedures (SOPs) are adopted, 
then SERS is robust enough to allow for 
the quantification of target molecules. 
Our group was proud to be part of this 
study which involved 15 different labo-
ratories throughout Europe. Our study 
was one of the first multicenter SERS 
studies.

Of course, central to SERS is the 
instrument itself. In another study 
also published last year in Analytical 
Chemistry (https://doi.org/10.1021/acs.
analchem.0c02696), Professor Thomas 
Bocklitz (from the University of Jena in 
Germany) lead another Raman4Clinics 
study that was designed to address 
how Raman spectrometers can be 
configured to provide robust results 
and thus help improve interlaboratory 
studies using Raman spectroscopy. 
This was also a large-scale round robin 
study involving 15 institutes within 
seven European countries and com-
pared 35 Raman spectroscopic devices 
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with different configurations. We were 
also involved in this study, and it led 
to a series of recommendations that 
we believe are worthy of future inves-
tigations to improve multi-laboratory 
studies.

I believe that both these studies are 
very important and show that SERS 
has great potential for adoption within 
clinical environments.

What are your next steps in your 
own work with Raman spectros-
copy and SERS?
Lots, but I will just mention one very ex-
citing area that we are developing.

Within the University of Liverpool’s 
Centre for Metabolomics Research 
(CMR), we are establishing a variety of 
Raman-based methods for chemical 
image analysis of tissues, cells, and bac-
teria. We have capabilities in spontane-
ous Raman spectroscopy from Renishaw, 
stimulated Raman spectroscopy (SRS), 
and coherent anti-Stokes Raman spec-
troscopy (CARS) from Leica. We also 
have a combined Optical Photothermal 
IR and Raman system from Photothermal 
Spectroscopy Corp.

Our group is very excited by these 
techniques, and we hope to combine 
vibrational spectroscopic imaging with 
mass spectrometry-based metabolo-
mics. For those interested in the CMR, 
please visit: https://www.liverpool.ac.uk/
liverpool-shared-research-facilities/facili-
ties/multi-omics/cmr/

Within these pages, there are a few 
case studies; to whet your reader’s ap-
petites, we have recently published pa-
pers on “metabolism in action” where 
we have been developing stable isotope 
probing using Raman and infrared imag-
ing for understanding metabolic flux at 
the single bacterial cell level. This is re-
ally pushing the resolution limits of these 
platforms, and we’re very excited by the 
results.

Before we close out this interview, 
I would like to take this opportunity 
to thank FACSS for the Charles Mann 
Award. I was really shocked, absolutely 
thrilled and honored to find out about 
being given this award. There have been 

some exceptional scientists that I have 
looked up to (and indeed still do!) in the 
Raman field who have been bestowed 
this award, and I am amazed to be in 
their company. It’s a wonderful reflec-
tion of the work our fantastic research 
team has achieved over the last 20 
years, and they are as deserving as I am. 
Thanks to them all!

I’m also really hoping that I will be 
able to travel to Providence in Sep-
tember to meet up with friends and 
colleagues and of course to make new 
connections. I’ve certainly missed the 
international conference scene. I’m re-
minded of going to ICORS 2018 in Jeju 
and meeting Professor Luis Liz-Marzán 
(from CIC biomaGUNE in Spain) dur-
ing a session or two on SERS. This 
chance meeting led to a substantial 
review by nearly 70 authors on SERS. 
A review that, while only being pub-
lished two years ago, has already been 
cited over 500 times. If you’re really 
interested in SERS, then this tour-de-
force in ACS Nano on the “Present and 
Future of Surface-Enhanced Raman 
Scattering” (https://doi.org/10.1021/
acsnano.9b04224) is a must read.
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What are your next steps in  
this work? 
Although it will be extremely hard 
to obtain further samples from pa-
t ients with a similar his tor y, this 
study has provided us already with 
some very impor tant information 
regarding the dif ferences between 
intravenous and oral routes of ex-
posure to GBCAs. Therefore, we are 
currently looking to develop further 
methods to study the stabilit y of 
GBCAs under various environmen-
tally relevant conditions and under 
conditions that GBCAs will be ex-
posed to during their way through 
the body after oral uptake. First re-
sults appear to be promising, and 
we are very much looking forward 
to exciting, interdisciplinary future 
work together with colleagues from 
medical, biological, and industrial  
cooperation partners.
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An Adventure with Light and  
Reflections on Science

Working at the frontiers of biotechnol-
ogy, fiberoptics, laser techniques, and 
molecular spectroscopy, Tuan Vo-Dinh of 
Duke University has developed multiple 
sensor technologies for medical research 
and diagnostics. His contributions include 
the first antibody-based fiberoptics fluo-
roimmunosensor (FIS), the first antibody-
based nanoprobe for monitoring bio-
chemical species in a single living human 
cell, the first paper on the analytical use of 
surface-enhanced Raman spectroscopy 
(SERS) for chemical analysis, the devel-
opment of a laser-induced fluorescence 
(LIF) technique for noninvasive optical 
biopsy, and plasmonic nanoprobe assays 
for early cancer diagnostics. Throughout 
this work Vo-Dinh and his research col-
leagues have brought spectroscopy to 
biomedical applications. In this second 
recent interview, Vo-Dinh talks about his 
research work and philosophy. Vo-Dinh is 
the winner of the 2020 Royal Society of 
Chemistry (UK) Sir George Stokes Award 
and will give a plenary lecture at the 2021 
SciX conference, which will be held Sep-
tember 26 to October 1 in Providence, 
Rhode Island. A symposium is organized 
at SciX to honor Dr. Vo-Dinh’s award. This 
interview is part of an ongoing series with 
the winners of awards that are presented 
at SciX.

Jerome Workman, Jr.

What is a major scientific discovery 
you are you working on at this par-
ticular time and why is it important?
Currently, the research in my laboratory at 
Duke is focused on several exciting proj-
ects. Given recent and ongoing genom-
ics discoveries in the molecular profiles of 
many diseases, I believe this is an ideal time 
to link new knowledge to new strategies 
for rapid screening and early diagnosis. Of 
special interest to us are microRNAs, small 
RNAs that do not code for proteins, which 
regulate gene expression and have dem-
onstrated great promise as an important 
class of biomarkers for early detection of 
various illnesses. However, these small mi-
croRNA molecules have not been adopted 
into early diagnostics for clinical practice 
because of challenging analytical aspects 
in the lab-based technologies, such as 
microarray-based technology, Northern 
blotting, sequencing, and PCR analyses. 
We are actively developing a unique class 
of generally applicable biosensing technol-
ogies for microRNA biomarkers associated 
with various illnesses ranging from cancers 
and cardiovascular disorders to infectious 
illnesses and Alzheimer’s diseases. We 
hope our technologies will lead to the in-
clusion of entirely new types of bioanalysis 
and diagnostics that are cost-effective and 
easy to perform and will have transforma-
tive potential in early disease diagnostics 

and screening at the point of care and for 
global health applications.

In addition to environmental and human 
health protection, we are also interested 
in sustainability-related research topics 
such as renewable energy and biofuels. 
For instance, plant biologists would like to 
understand exactly which genes turn on in-
side a plant and when, thus allowing them 
to fine-tune plant growth for more efficient 
biofuel production. Usually, they have 
to extract samples from the plant in the 
lab and chemically analyze the extracted 
miRNAs from the plant to figure out which 
genes are active in controlling the growth 
phase of a plant’s life. Using our biosensing 
techniques, plant biologists could rapidly 
monitor microRNAs in living plants, select 
plants with preferred growth patterns, and 
examine their genes to learn how to induce 
those growth patterns in order to increase 
biofuel crops.

Several activities are based on our 
unique plasmonic nanoparticles called 
gold “nanostars.” These star-shaped nano-
bodies made of gold have the advantage 
of geometry because of their multiple 
sharp spikes, which work like lightning 
rods, concentrating the electromagnetic 
energy at their tips and allowing them to 
capture photon energy more efficiently 
when irradiated by laser light. Teaming 
with medical collaborators, we have intro-
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duced a new cancer treatment modality, 
called synergistic immuno photother-
mal nanotherapy (SYMPHONY), which 
combines immune-checkpoint inhibi-
tion and gold nanostar–mediated pho-
tothermal therapy that can unleash the 
immunotherapeutic efficacy, eradicate 
the primary tumors as well as distant “un-
treated” tumors, and induce a “cancer 
vaccine” effect leading to immunologic 
memory in murine model. Currently, we 
are performing fundamental studies to 
achieve better understanding and op-
timal exploitation of the mechanisms 
underlying this synergistic treatment 
modality. Identifying and understanding 
the specific immune cells and molecular 
processes involved in this synergistic in-
teraction will pave the way for successful 
treatment of locally advanced and meta-
static cancer.

From your perspective, how is your 
research approach different from 
the work of other scientists you are 
aware of?
I would hesitate to directly compare dif-
ferent research approaches of different 
scientists because this depends very 
much on a multitude of factors, such as 
the type of research (fundamental re-
search or applied technology), emphasis 
of the university (liberal arts or engineer-
ing), the career path of the researcher 
(early, mid, or late career), the resources 
of the institution (large research univer-
sities or small colleges), and so on. Not 
to mention the personality of the inves-
tigator, which plays a significant role as 
well. Scientists should follow their own 
approach adapted to their personal situ-
ations in order to conduct research that is 
most appropriate to them, their environ-
ment, constraints, and possibilities. There 
is no general modus operandi rule. In my 
case, I try to provide cross-disciplinary 
training to my students because I believe 
it is essential for young researchers who 
want to pioneer new fields of science. I 
usually give high-level guidance to my 
students and postdocs, encourage them 
to develop initiatives, give them intellec-
tual freedom, support them to take risks, 
and advise them to be patient. 

In a previous interview with Spec-
troscopy (1), you made the statement 
that “no single discipline can solve 
big problems.” Would you expand 
on what is meant by this?
We are now living in the most exciting 
time in science that reflects an epochal 
convergence of several scientific and 
technological revolutions of the 20th cen-
tury: the quantum theory revolution, the 
technology revolution, and the genomics 
revolution, all starting in the 1950s. The 
merging of these important revolutions is 
still progressing today and has led to an 
acceleration of knowledge accumulation 
that span multiple scales, multiple systems, 
and multiple disciplines. More recently, the 
so-called information revolution, which has 
emerged from the technology revolution, 
triggers an exponential growth of data; this 
will bring a wealth of knowledge in many 
different scientific fields that can be com-
bined to produce a more comprehensive 
perspective and understanding of many 
processes and systems, creating new ap-
proaches for solving complex problems 
heretofore invisible to us. But this enor-
mous amount of data of different kinds re-
flects the complexity of many problems to 
solve and should instill in all of us a sense of 
scientific humility that “no single discipline 
can solve big problems” but a combination 
of them will provide the ultimate solution to 
address challenges of global significance. 

Many research fields have benefited 
directly or indirectly from each other’s 
development in ways that we cannot 
predict a priori. For instance, quantum 
theory of atomic phenomena provides a 
fundamental framework for molecular bi-
ology and genetics because of its unique 
understanding of electrons, atoms, and 
molecules. Out of this scientific framework 
emerged the discovery of DNA structure, 
the molecular nature of cell machinery, and 
the genetic cause of diseases, all of which 
form the basis of molecular and precision 
medicine. In essence, our current knowl-
edge in molecular biology of how mol-
ecules bind together, how the building 
blocks of DNA cause a cell to grow, and 
how disease progresses on the molecular 
level evolves from a combined knowledge 
of many different disciplines and has a 

fundamental basis in quantum theory of 
molecules. Who would have predicted 
this interrelationship seventy years ago? 
Today, when a patient enters a hospital for 
cancer screening or checks into an emer-
gency room with chest pains or severe 
headaches, a diagnostic test using X-ray 
computed tomography (CT) or magnetic 
resonance imaging (MRI) will be performed 
for detecting a possible tumor, heart at-
tack, or stroke. The underlying science be-
hind the photon of CT (X-ray photons) and 
MRI (radio-frequency photons) are based 
on quantum theory. Who would have 
foreseen that the seemingly “far-fetched” 
fundamental research in quantum theory 
in the 20th century would be critical to the 
development of life-saving medical imag-
ing technologies a century later?

You have also stated that “[The] tran-
sition from a knowledge base of in-
dividual elements to a systems level 
is one of the major paradigm shifts 
of the 21st century, which can be 
achieved only by integrating multiple 
disciplines and different domains of 
knowledge.” Please explain.
The term systems could have different 
definitions and meanings for different 
people, in different contexts and for dif-
ferent disciplines and applications. Simply 
defined, systems could be considered as 
entities with a certain level of complexity, 
for example a cell, disease, or population, 
that are composed of simpler elements, 
such as atoms, electron, and molecules, 
linked together. In high-energy physics, 
the simplest elements would be elemen-
tary particles, such as leptons and quarks. 
Decades ago, scientific knowledge was fo-
cused on investigating and understanding 
simple elements due to the limits of avail-
able investigative tools. Nowadays, the 
knowledge base of systems has increased 
rapidly because of the advancement of in-
strumentation and the combined knowl-
edge of multiple scientific disciplines. The 
systems approach allows us to look at the 
entire system. To give you a perspective, 
one example: The discovery of the DNA 
helix of a gene, considered here as the sin-
gle element, has led to discoveries about 
the gradual buildup of genetic changes 
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in a cell, and subsequent understanding 
of many diseases at the systems level. 
Acquisition of knowledge at the systems 
level of illness is made possible by scien-
tific and technological achievements in 
multiple disciplines, such as bioimaging 
(photonics, CT, MRI, PET), nanosensing, 
microelectronics, optogenetics, and 
computational genomics, all contribut-
ing to identify specific subsets of genes 
encoded within the human genome that 
can cause the development of a disease. 
It is the combined use of all these tools 
and integrated knowledge of different 
disciplines (chemistry, physics, molecular 
biology, bioengineering, medicine) that 
allows the systems properties to emerge, 
such as identification of the molecular 
alterations distinguishing a cancer cell 
from a normal cell at the earliest stage. 
This cross-disciplinary and systems ap-
proach will give us powerful capability for 
efficient and preemptive therapy. At an-
other systems level involving data in large 
patient populations, artificial intelligence 
tools can combine all collected raw data 
from different types of measurements to 
identify meaningful connections that can 
lead to a myriad of medical applications, 
ranging from drug synthesis, vaccine 
development, treatment strategies, and 
patient care and global health.

You have expressed some opinion 
about the interconnectivity between 
science and the humanities, such as 
art and philosophy. Could you explain 
more?
The interconnectivity between art and 
science is occasionally depicted in an-
ecdotes of Leonardo da Vinci as a sci-
entist and engineer, Albert Einstein as 
a violinist, or Erwin Schrodinger as a 
philosopher. If we take a closer look, the 
interconnection between art and sci-
ence could be more deeply rooted. For 
instance, it is noteworthy that the quest 
for understanding light and color per-
ception is not limited to spectroscopy 
and neuroscience but is also pervasive 
in many fields of the humanities beyond 
the realm of biophysics and molecular 
biology. In the early 19th century, the 
poet Johann Wolfgang von Goethe dis-

closed his thoughts on color perception 
in his work “Theory of Colours,” and the 
philosopher Arthur Schopenhauer dis-
cussed the phenomenon of visual per-
ception in the treatise “On Vision and 
Colors.” A century later, the philosopher 
Ludwig Wittgenstein presented his 
views in a collection of notes “Remarks 
on Colour,” delineating the differences 
between the scientific basis of Newton’s 
optics and Goethe’s phenomenology 
of color. 

The philosophy behind scientific 
thoughts and actions has been a topic 
of debate throughout the history of sci-
ence. Whereas Rene Descartes advo-
cated rationalism based on pure thought 
and reason, David Hume formulated a 
philosophy of empiricism, which regards 
empirical observation by the senses as 
the only reliable source of knowledge. 
Later on, Immanuel Kant erected a 
bridge between pure thought and 
sensory perception and reconciled the 
philosophical divide between rationalists 
and empiricists (the so-called “Battle of 
Descartes versus Hume”).

The connection between scientific 
and philosophical thought is often not 
well recognized but sometimes it could 
be closer than we may have realized, es-
pecially in quantum physics. The rules 
of quantum physics, which govern the 
subatomic world of “strange” probabil-
ity clouds and blurry particles sometimes 
require a certain degree of “philosophi-
cal” contemplation and belief. In fact, 
scientists acknowledged that a com-
plete understanding of physical reality 
lies beyond the capabilities of rational 
thought, a declaration known as the 1927 
Copenhagen Interpretation of Quantum 
Mechanics. The quantum worldview im-
plies that the structure of matter is often 
not mechanical or visible, and that the 
reality of the world cannot be explained 
by the physical perceptions of the human 
senses. Coming into full circle, this fun-
damental scientific concept of the 21st 
century rejoined some idea of Plato’s 
philosophy in 400 B.C., which referred to 
the concrete objects of the visible world 
as imperfect copies of the forms which 
they partake of. Until today, similarities 

between quantum physics and many 
metaphysical concepts in Eastern phi-
losophies and Western religions have 
been a topic of great interest.

It is possible that the discovery of 
quantum physics affected some other 
fields beyond science, such as art. It is 
noteworthy that modern art, with its 
seemingly strange distortions of visual 
reality, also appeared in the 1930s dur-
ing the emerging period of quantum 
physics. It might not be a coincidence 
that during the quantum revolution in 
science, Cubist and Surrealist art abol-
ished realistic shapes referenced in fixed 
space and fixed time. The interdepen-
dence of science, technology, and art 
was well expressed in the 1950s by the 
abstract expressionist artist Jackson Pol-
lock in the review Possibilities: “It seems 
to me that modern painting cannot ex-
press our area (the airplane, the atomic 
bomb, the radio) through forms inherited 
from the Renaissance and from any other 
culture of the past. Each area finds its  
own technique.”

What is a major scientific discovery 
you are you working on at this par-
ticular time, and why is it important?
We are witnessing the advent of a new 
epoch of globalization. The forces of glo-
balization are affecting every facet of our 
existence, from commerce, to transpor-
tation, research, and education. With this 
globalization, we will see a lot of changes. 
We will need to rethink how the structure 
of education and translation of research 
will be implemented in the service of soci-
ety in the global context. For example, the 
interconnections between the innovation 
source in the academic labs to the outside 
chain of global outsourcing will need to 
be redistributed. The implementation and 
commercialization of technology will need 
to be reformulated in the global system 
and, ultimately, the education system 
will need to be reconceptualized in a  
global framework.

In this era of globalization, the Internet 
is empowering more and more individuals 
from different countries having different 
cultures from all corners of the globe to 
reach faster and farther than ever before. 
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In this interconnected world, the future is 
now: A scientific idea conceptualized in a 
university in Palo Alto, could then be de-
veloped in a sister laboratory in Dublin, 
optimized by a collaborator in Mumbai, 
outsourced for fabrication in a partner 
plant in Singapore, and field tested in 
Nairobi. All these development and trans-
lational processes can now be vertically 
integrated and horizontally implemented 
through a hyper structure of universities, 
labs, companies, and individuals intercon-
nected through the global cyberspace. 
Such a model would be unthinkable just 
a decade ago.

The forces of globalization will create 
new opportunities, but will also impose 
new rules and will require us to take im-
portant choices: choices on future direc-
tions of our research, choices on new 
rules for competition and collaboration, 
choices on new structures of our very fun-
damental educational system; especially, 
this will require us to acquire a new global 
consciousness and a deep understanding 
of societal connections between various 
human activities and cultures among dif-
ferent nations throughout the planet. This 
could raise interesting social and economic 
issues and challenges in a global context. It 
is important to articulate a vision of global 
interconnections based on multicultural 
respect, social fairness, and harmony. We 
can design new education systems to train, 
educate, and mold future generations of 
students and provide them the tools to 
change the world. Most importantly, we 
will instill in them the ideals to build a bet-
ter world. I believe that we are at the cross-
roads of a paradigm-shifting epoch that 
could foreshadow the dawn of a new era 
in human connection and evolution. This is 
now our choice, a choice at a critical time, a 
choice with a far-reaching impact. And this 
choice will be our destiny.

What is the favorite part of your 
workday and why?
This could be any time of the day. It could 
be a brief half-hour moment or a longer 
period of several hours; it could happen 
anytime, in the morning, at lunch break, 
or late at night. This is the time when I 
am able to steal a precious moment from 

my busy schedule to have some mental 
peace, a time when I can totally devote 
my intellectual energy to contemplate 
the long-term needs of research, solve 
a pressing scientific problem, design a 
new method, or dream up an “out-of-the 
box” idea for a new research concept. 
These are very cherished moments in my 
workday as a scientist.

What are your plans for future re-
search? What is one major scientific 
problem or challenge that you would 
like to understand or solve?
I believe that there is not one major sci-
entific problem or challenge but that we 
all, as humans, are faced with a myriad of 
challenges. As it is often said, challenges 
also bring opportunities. I would say there 
are several areas for advancement. We are 
going to develop a series of cost-effective 
biosensing tools that can rapidly acquire 
large amounts of data in a simple and 
cost-effective way. For instance, there 
is now a need to collect information on 
genomics biomarkers from large popu-
lations around the globe in a rapid and 
inexpensive way, and put it in a computer 
server that would analyze and identify 
infectious disease hot spots. However, 
most DNA analyses are still performed 
using lab-based technologies, such as 
PCR, microarray-based technology, or 
Northern blotting. We will combine the 
latest advances in nanotechnology, micro-
detectors, and miniature lasers to develop 
next-generation “sample-to-answer” di-
agnostics devices that are miniaturized, 
practical, inexpensive and capable to de-
tect specific genomic biomarkers without 
lab-based assays for point-of-care, point-
of-need, and global health applications. 
Such easy-to-use devices could help de-
tect disease in population of underserved 
regions, or uncover early emergence of 
new pandemics in remote areas before 
they become global health threats. 

With the tools of nanotechnology and 
molecular biology, we are interested in 
developing truly implantable devices such 
as “smart tattoos,” as tiny as the tip of a 
pen, that can directly monitor biomark-
ers in real time to forecast and prevent 
disease in a person before there are any 

clear outward signs of it. Another area of 
interest would involve collaboration with 
colleagues in other disciplines to com-
bine our technologies with their systems 
in order to enable robots, optical sen-
sors, and computers to receive natural 
emotional feedback and improve human 
experiences. These tools could help peo-
ple communicate and express emotional 
information, and to better manage and 
understand the ways emotion impacts 
health, social interaction, learning, and 
memory. This is a fascinating area of sci-
ence with many still-unanswered ques-
tions that could be transformed with a 
cross-disciplinary and systems approach.

In essence, the general focus of my re-
search activities continues to be directed 
toward areas related to the development 
of advanced technologies for early detec-
tion and treatment of disease, protection 
of the environment, and enabling sustain-
ability of our planet. Throughout my ca-
reer, I have been fortunate to work with 
many dedicated collaborators, postdoc-
toral fellows, and students in our common 
quest of these exciting goals. I am always 
looking to learn new areas of research and 
open to apply my expertise to address 
the new challenges ahead. 

References
(1) Jerome Workman Jr., “Spectroscopy for 

Medicine—From SERS, Laser-Induced 

Fluorescence, and Biosensors to Ana-

lytical Nanotools,” Spectroscopy, May 5, 

2020. https://www.spectroscopyonline.

com/view/spectroscopy-medicine-sers-

laser-induced-fluorescence-and-biosen-

sors-analytical-nanotools

Tuan Vo-Dinh is 
the R. Eugene and 
Susie E. Goodson 
Distinguished Pro-
fessor of Biomedi-
cal Engineering, 

a Professor of Chemistry, and the 
Director of the Fitzpatrick Institute 
for Photonics, at Duke University. 
He has authored over 500 publica-
tions, is a Fellow of the U.S. National 
Academy of Inventors, and holds 
over 58 patents. ●

http://www.spectroscopyonline.com
https://www.spectroscopyonline.com/view/spectroscopy-medicine-sers-laser-induced-fluorescence-and-biosensors-analytical-nanotools


38  SciX 2021 Preview and Companion Guide   September 2021 www.spectroscopyonline.com

FEATURED ARTICLE

Developing Electrochemical and 
Optical Sensors to Measure  
Analytes in Physiological Samples

Throughout his career, Mark Meyerhoff, 
the Philip J. Elving Professor of Chem-
istry at the University of Michigan, has 
been exploring chemical sensors for 
biomedical applications. Recent work 
has involved the development of novel 
nitric oxide (NO)–releasing implantable 
sensors or monitoring important ana-
lytes continuously in vivo. For his work 
Meyerhoff has been awarded the 2021 
ANACHEM award, which is presented 
annually to an outstanding analytical 
chemist based on activities in teach-
ing, research, administration or other 
activity which has advanced the art and 
science of the field. Meyerhoff spoke to 
us about this work, his career, and what 
being presented this award at this fall’s 
SciX event means to him.

John Chasse 

Would you comment on the mean-
ing of being this year’s recipient of 
the ANACHEM Award, and some de-
scriptive words about the impact of 
past recipients?
It is a great honor to be selected as this 
year’s recipient of the ANACHEM Award. 
Two very famous University of Michigan  
(U of M) Analytical Chemistry professors, 
Hobart H. Willard and Philip J. Elving, who 
both had an enormous impact in the field of 
analytical chemistry, won this award in 1953 
and 1957, respectively. Indeed, my current 
collegiate professorship is titled the Philip J. 
Elving Professor of Chemistry. I overlapped 
with Elving for nearly five years, and he gave 
me great advice to help me succeed in aca-
demics and in running my research group. 
Two other outstanding U of M analytical 
professors, Mike Morris and Richard Sacks, 
were also winners of this award (1999 and 
2006, respectively), and they also were great 
role models for me. To win an award won by 
these and many other stars in the field of 
analytical chemistry is very special.

Your career has demonstrated a 
lifelong interest in exploring using 
chemical sensors for biomedical 
applications. Why did you select 
electrochemical and optical sensor 
methodologies to explore biological 
systems?

As an undergraduate chemistry major 
(at Herbert Lehman College, CUNY sys-
tem), I originally thought I would pursue 
a career in nuclear magnetic resonance 
(NMR) or mass spectrometry (MS). I was 
fortunate to have hands-on experience 
with these “big” instruments in the early 
1970s in a qualitative organic analysis 
course. We were given four unknown 
organic compounds and had to identify 
what those molecules were, using infra-
red (IR), MS, and NMR. However, when 
taking an instrumental analysis course, 
one of the experiments was to use a fluo-
ride ion-selective membrane electrode 
to determine the fluoride concentration 
in New York City drinking water. It was 
such a relatively simple method, given 
the selectivity of the sensing chemistry 
(LaF3 crystal develops a different voltage 
in response to the activity of fluoride in 
the sample) that I immediately became 
very interested in pursuing my PhD in this 
area. I decided to go to SUNY-Buffalo to 
work with one of the leaders in the field 
of ion-selective electrodes (ISE) and bio-
sensors at that time, Professor Garry A. 
Rechnitz.

Your research team has developed 
novel nitric oxide (NO) releasing im-
plantable sensors or monitoring im-
portant analytes continuously in vivo. 
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What has been your motivation to get 
involved in this challenging area?
In the mid-1990s, my laboratory started to 
work on developing sensors that can emit 
nitrogen oxide (NO) to prevent clotting on 
the surface of sensors implanted in blood 
vessels for continuous monitoring of oxy-
gen, carbon dioxide, and glucose, among 
other blood analytes. This had been the 
“holy grail” in the field of sensors for some 
time. However, such devices would often fail 
and give erroneous results, because plate-
lets in blood would become activated and 
stick to the surface of the sensors. Platelets 
are metabolically active, consuming O2 and 
producing CO2, so platelet adhesion on the 
sensors would cause false analytical results. 
I went to a lecture on the U of M campus 
by Michael Marletta, and learned that NO 
is produced by endothelial cells that line the 
walls of all blood vessels, and NO levels near 
the surface of these cells prevent platelet ac-
tivation and clotting. So, I wrote an NIH RO1 
grant to pursue the idea of using NO release 
compounds (diazeniumdiolates back then) 
on the surface of various sensors to greatly 
improve their in vivo analytical performance. 
That grant was funded and renewed mul-
tiple times. Most importantly, in every in vivo 
sensor experiment (in animals) we have con-
ducted over the past 20 years, there has al-
ways been a very significant improvement in 
the accuracy of the analyte measurements 
with NO release sensors vs. control sensors 
(without NO release) implanted in the blood 
vessels of the same animals. This has been 
true no matter what chemistry is used to 
generate the increase in NO locally at the 
surface of the in vivo sensing devices.

At what age did you realize that ana-
lytical science would be your career 
choice?
Probably in my second year of college at 
age 18, when I had a quantitative analysis 
class. I really loved getting “unknown” sam-
ples and then doing some measurements 
(including titrations and spectrophotometry) 
to determine the concentration of a given 
species. Grading back then was based al-
most completely on accuracy, so that meant 
you had to be really careful. That was when 
I decided to pursue a career in analytical 
chemistry, but as described above, it was a 

year later when I took instrumental analysis, 
and we did a fluoride ion-selective experi-
ment, that I found my passion for this given 
subfield (sensors) of analytical chemistry.

What were some of the most challeng-
ing problems you have encountered 
during your research career?
One of them was perhaps finding the right 
project that would motivate a given gradu-
ate student or post-doc to become truly 
passionate about their research. I typically 
would give a student or post-doc one or 
two side projects, often via collaboration 
with other labs on campus. Many times, it 
was one of these side projects, not the main 
one that I originally assigned, that evolved 
into the main part of a student’s thesis, or a 
post-doc’s primary publications.

What would you consider to be the 
most meaningful contributions of your 
work?
This is a difficult question, since there are 
so many research publications that I feel 
were very meaningful and important. 
However, I have to say that as I approach 
my retirement years, the thing that stands 
out most to me is the training of so many 
graduate PhD students (68) and post-docs 
(38 or so) who are now very successful in 
academics (big and small schools around 
the world), as well as in industrial and gov-
ernmental jobs. Without a doubt, this is the 
most gratifying part of being a professor at 
a major research university.

Would you share with our readers 
your work ethic, philosophy, and how 
you plan your daily or weekly work 
schedule?
Well, I am not the kind of person who can do 
things at the last minute. When it comes to 
preparing new lectures for class, or a semi-
nar at a conference or university, I generally 
start way in advance, so that I have plenty 
of time to recheck the content, find spell-
ing errors, make sure the substance of the 
lecture flows well, and so forth. The same is 
true for proposals and publications. In the 
case of proposals, I generally try to start 
two months in advance and try to write at 
least one paragraph or more most days of 
the week. Before you know it, the proposal 

is mostly done, and I have plenty of time 
to spend editing, getting figures inserted, 
and take other steps to make the proposal 
nearly perfect. This approach has worked 
well for me over many years.

What words of wisdom do you have 
for any young people interested in a 
scientific research career?
“Don’t Major in Minor Things.” I read those 
words in a little booklet that was given to 
me as a gift titled “Life’s Little Instruction 
Book: 511 Suggestions, Observations, and 
Reminders on How to Live a Happy and 
Rewarding Life.” I would often say to stu-
dents that majoring in chemistry is not a 
minor thing, and that there are more career 
paths available by majoring in chemistry 
and biochemistry than almost any other 
science. Indeed, chemistry majors can eas-
ily obtain an industrial job after their four 
years in undergraduate school. They also 
are quite attractive candidates for medi-
cal and dental schools. Of course, if they 
enjoy conducting research, they can go on 
to obtain MS and PhD degrees and actu-
ally be paid during their graduate school 
years, with no tuition costs (now the sti-
pends are in excess of $30,000 per year, 
whereas, when I was a graduate student, 
it was about $3000 per year). 

Mark Meyerhoff 
is currently Philip 
J. Elving Profes-
sor of Chemistry in 
the Department of 
Chemistry at the 

University of Michigan, Ann Arbor.  
His long-term research interests have 
been in the field of analytical chem-
istry, particularly the development 
of new ion-, gas-, and bio-selective 
electrochemical/optical sensors suit-
able for measurements of clinically 
and environmentally important ana-
lytes. An active consultant or is on 
the Scientific Advisory Boards for 
several biomedical companies, he is 
cofounder of NOTA Laboratories and 
NitriCap Medical, two companies that 
are focused on developing novel NO-
releasing chemistries and devices 
for medical applications.●
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Exploring Neurochemistry Using 
Raman Spectroscopy

Bhavya Sharma is an assistant profes-
sor of chemistry at the University of 
Tennessee in Knoxville, where she is 
conducting research to detect active 
and important biomolecules related 
to hormone regulation, neurological 
health, and disease diagnosis. For this 
work, she is applying various forms 
of Raman spectroscopy, including 
surface-enhanced Raman spectros-
copy (SERS) spatially offset Raman 
spectroscopy (SORS), and surface-
enhanced spatially offset Raman spec-
troscopy (SESORS). She is the winner 
of the 2021 Emerging Leader in Mo-
lecular Spectroscopy Award, which 
is presented by Spectroscopy maga-
zine. This annual award recognizes the 
achievements and aspirations of a tal-
ented young molecular spectroscopist, 
selected by an independent scientific 
committee. We recently interviewed 
her about her work.

Jerome Workman, Jr. 

As a postdoctoral researcher, 
you were able to combine SERS 
and SORS into a hybrid analyti-
cal technique referred to as SES-
ORS (1). Would you explain to our 
readers how this concept came 
about, and what is the ultimate 
purpose of this technique?
I was not actually the first person to 
combine SERS and SORS. This was 
done by Pavel Matousek, Nick Stone, 
Karen Faulds, and Duncan Graham in 
the United Kingdom. Karen is the per-
son who came up with the acronym 
SESORS. My contribution to innova-
tive applications of SESORS was to 
be the first person to apply it towards 
Raman detec tion through bone. 
When President Obama announced 
the Brain Initiative in 2013, I started 
thinking about how we could apply 
Raman spectroscopy to looking at the 
brain. I used to have discussions with 
my postdoctoral advisor about this, 
but it seemed that everything would 
require removing pieces of the skull 
or drilling holes into the skull to take 

Raman measurements. I was familiar 
with SORS, which had been used to 
measure signals through skin and tis-
sue, and I thought, why not through 
bone? I wasn’t actually sure it would 
work. Bone is dense; it is more diffi-
cult to get light through it, and more 
importantly, to get the Raman scat-
tered light back out. I decided to start 
trying to take measurements, and I 
didn’t tell my postdoctoral advisor 
about it. I wanted to see if I could 
make it work before I told him about 
it. My first test was actually to use 
eggs, since an eggshell has a simi-
lar chemical composition as bone. 
I thought if I could detect a SERS 
signal through the eggshell, then 
maybe I could do it through bone, 
and it worked! I moved onto to bone  
after that.

The ultimate purpose of this tech-
nique is to develop a way to measure 
neurochemicals related to neurologi-
cal disease and brain injury in the 
brain without having to drill holes in 
or remove pieces of the skull. Many 
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neurological conditions and diseases are not diagnosed 
until a person starts displaying symptoms. By that point, 
it may be too late to treat the actual disease because of 
degeneration of neurons, which do not grow back. We are 
working to develop methods for noninvasive detection of 
early onset neurological disease. 

By combining Raman techniques and chemomet-
rics, you were able to directly detect important 
biomolecules, such as cortisol, for the first time 
(2). Why is this research important? What were 
the major analytical hurdles you encountered when 
developing a rapid non-invasive method to detect 
cortisol at physiological concentrations?
After the last year and a half, everyone knows what high 
stress levels feel like. We are working to develop methods 
for detecting cortisol in noninvasively collected biofluids, 
particularly to help monitor cortisol in people with high 
stress jobs, like first responders, military personnel, and 
so forth. We want something that can be used in the field, 
so that a person can be evaluated in the middle of a high 
stress situation, and a decision can be made if they need 
some time away. High levels of cortisol in your system for 
extended periods of time can have long-term negative 
health consequences. 

The major hurdle we encountered is that cortisol is not 
very soluble! The body is amazing. Somehow, we have 
cortisol in our systems, which are primarily made of water, 
salts, and proteins. It took us a while to figure out how to 
get cortisol into physiologically relevant solvents.

Some of your most influential and instructive re-
search publications may very well be in your recent 
review articles on the explanations and applications 
of Raman phenomena (3–5). What are the main 
takeaways you have learned from researching and 
writing these review articles?
For me, it is just so great to see such vast applications of 
Raman spectroscopy. We have so many great researchers 
around the world developing new substrates for SERS, to 
help increase enhancement, as well as new Raman spec-
troscopy-based methods for solving a range of problems 
from biological, environmental, and energy, to name a few. 
It is really exciting to read about and highlight all of the 
Raman spectroscopy-related research efforts.

You have also published recent work measuring 
volatile organic compound (VOC) detection using 
a porous-silicon-oxide coated disc-on-pillar array 
(6). Can you explain the significance and meaning 
of this work?
We collaborated with researchers at Oak Ridge National 
Laboratory to utilize these disc-on-pillar arrays for SERS 
gas sensing. We were interested in developing a SERS-

based method for detecting VOCs in two ways, one for 
industrial applications where you could monitor VOCs at 
low concentrations; the other, which was somewhat of a 
crazy idea, was for human health monitoring. It turns out 
that, depending on your health, you can exhale something 
like a thousand different chemicals on your breath, some 
of which are VOCs. The idea was to create a SERS-based 
sensor for some of these human health-related VOCs. The 
work you mention here was a first step towards develop-
ing these sensors. This is something we’re still working 
on developing.

What were some of the key challenges you have 
encountered during your work? What would you 
consider to be the most useful contributions of  
your work?
The main experimental challenges we’ve faced have cen-
tered around the idea of how do we detect biological 
molecules of interest at the concentration ranges that 
are physiologically relevant. Resolving these challenges 
is where SERS comes in, because it allows us to get to 
the low concentration ranges. However, we’ve run into is-
sues with SERS where some molecules will not get close 
enough to the surface to be enhanced, so then we need 
to come up with ways to address that. Luckily, we have 
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the literature to find ways to address 
these issues, including things like 
using antibodies or other capture 
molecules to help bring the analyte 
molecules within the sensing range 
of the SERS substrates. Other issues 
challenges have included things like 
how to detect signals through thicker 
areas of bone. The human skull is be-
tween 3–14 mm thick depending on 
where you measure on the skull, so 
we’ve demonstrated SESORS detec-
tion through almost 3 mm of bone. 
How do we push that detec tion 
through thicker areas? This question 
is one thing we’re currently working 
on answering. 

I think the most useful contribu-
tions of our work include showing 
that you can use SESORS to measure 
Raman scat tering through bone. 
Other groups have followed us in 
this, par ticularly for detection of 
glioblastomas, an aggressive type 
of cancer, in the brain. We also pub-
lished an extensive study of SERS 
detection of neurotransmitters on 
two different metals (gold and silver) 
at three dif ferent excitation wave-
lengths, which we thought would be 
helpful for researchers in the field 
since, when we first started looking 
at neurotransmitters, the literature 
contained either older studies or  
conflicting results.

What are some key aspects in sci-
ence that motivate you? Would 
you share some of your work and 
organizational habits that have 
helped you be productive and 
successful professionally?
I’m really motivated by the problem-
solving aspect of science. There are 
so many issues in this world that 
need creative solutions. I am driven 
by being part of the solution. I also 
am a huge proponent of Raman 
spectroscopy. I sometimes think it 
can be used to solve anything; it re-
ally can’t, but I definitely like to try to 
solve various problems applying dif-
ferent forms of Raman spectroscopy. 
Another thing that motivates me is 

helping students learn. My group 
always has a large number of under-
graduate researchers contributing to 
our work. I encourage undergradu-
ate students to pursue research, and 
if I don’t have space in my group, I try 
to help them find research positions 
in other groups. I think being part 
of a research group is an invaluable 
experience for an undergraduate 
student.

One of the first things I learned 
as a new assistant professor was to 
turn the notifications from my email 
off. I try to set aside specific times 
to look at email, otherwise it can be 
overwhelming and really distracting. 
My group also implemented the use 
of Slack before the pandemic. I had 
tried to use it early in my career when 
I had two graduate students, and it 
didn’t really work well. Now, however, 
with five graduate and eight under-
graduate students, it has provided us 
with a great tool for communicating, 
particularly while we were all working 
from home. We’ve also implemented 
different project management tools 
to help people keep track of time-
lines. Another thing I learned per-
sonally during the pandemic that has 
really helped me be more productive 
is that I need to set aside time to just 
think, which sounds weird to say, but 
it is really easy to get caught up in 
emails, teaching, talking to students 
about research, and so on. But to 
come up with new ideas or to solve 
problems we’re having; I need quiet 
time to read literature or just think 
about things. 

What can you share with our 
readers regarding your next area 
of interest for your research?
We’re still working on improving 
methods for non-invasive detection 
of neurochemicals in the brain. This 
will be something we’re working on 
for the foreseeable future. We also 
are always looking for new ways to 
combine analytical techniques with 
Raman spectroscopy to help improve 
things like limits of detection.

Do you have any words of advice 
for young people desiring a ca-
reer in science?
Find what makes you really excited 
and happy. Try out different things 
to figure that out. Get involved in un-
dergraduate research; if you’re still in 
high school or just starting college, 
don’t think you need to wait until your 
senior year to do this. You can start 
even as a freshman. 
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Mid-Infrared QCL Dual-Comb Spectroscopy:  
From Non-Repetitive Protein Dynamics to Stopped- 
Flow Applications with Microsecond Time Resolutions
Florian Eigenmann and Markus Mangold, IRsweep

Spectroscopic reaction monitoring is a proven tool in R&D 
and production environments, where it is used to gain 

insight into chemical reaction kinetics. In this application note, 
we showcase how dual-comb spectroscopy (DCS) can be 
used to monitor protein dynamics on microsecond to second 
time-scales. Kinetics of irreversible protein reactions require an 
analytical technique that provides time-dependent infrared 
spectra in a single shot. First results have been validated with 
the recording of transients of the photoactivated proton pump 
bacteriorhodopsin with DCS and StepScan FT-IR (1).

Non-repetitive reactions with microsecond time resolution
Fourier transform infrared spectroscopy (FT-IR) with time 
resolutions faster than 10 ms is only possible with proteins, 
where the reactions can be repeated thousands of times. 
Many relevant protein reactions are non-repetitive. In many 
cases reactions can be induced by caged compounds (2). 
As an example, we investigate the inhibiting Gi protein and 
the larger protein–protein complex of Gαi with its cognate 
regulator of G-protein signaling (RGS). With DCS, we observe 
good data quality with 4 µs time resolution, three orders of 
magnitude faster than any FT-IR measurements. 

Stopped-flow applications coupled with mid-IR 
spectroscopy—more than the sum of its parts!
Additionally, DCS can be used to monitor fast kinetic re-
actions in combination with the stopped-flow technique.  
Mid-IR stopped flow was so far limited to timescales of  
RapidScan FT-IR on the order of 100 ms. The combination 
with DCS paves the way to new research possibilities for ki-
netic studies in the microsecond time regime. Simply speak-

ing, it works by rapidly mixing reagents before a spectro-
scopic cell, as depicted in Figure 2.

For these applications, we partnered with TgK Scientific and 
BioLogic SA. It connects via an umbilical to a spectroscopic cell 
with CaF2 windows and a path-length of 100 µm

The hydrolysis of methyl chloroacetate (MCA) is often carried 
out as a test for stopped flow systems and typically hydroxide 
concentrations of 0.1 M or less are used.

Cl Cl

O

O

O

O-
CH3 CH3OH

OH-

+

The results of a single shot of the hydrolysis reaction are 
shown in the Figure 3. Excellent signal to noise ratios are seen 
throughout the spectra and despite the low intensity of the 
MCA band, it can be fitted well with a monoexponential decay. 
A lifetime of 53 ms is found for this process at room temperature.

High resolution dual-comb spectroscopy with QCLs
Optical frequency comb spectroscopy has further proven a 
very useful tool for high resolution molecular spectroscopy 
of gaseous samples. Frequency combs based on quantum 

Reagent 1

Reagent 2

Spectroscopy

Mixer
Products

Figure 2: Scheme of stopped-flow application with in situ 
spectroscopy.
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Figure 3: (A): Spectra of the hydrolysis reaction of MCA. 4.5 ms 
per spectrum. (B): resulted time traces taken at two selective 
wavelengths with 1000 spectra per s in situ.
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Figure 1:  (A) IR cuvette with photo-sensitive paper, exposed to 
the QC laser beam (burned point in the middle). (B) Contour-
plot of the changes obtained from dual-comb spectroscopy.
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cascade lasers (QCL) offer the possibility to easily explore the 
mid-infrared spectral range (4–12 µm) but suffer from very large 
repetition frequencies (~10 GHz) which make them seemingly 
unsuitable for high resolution spectroscopy.

We have developed techniques to overcome this limitation, 
which we call the rapid-sweep (3) and step-sweep (4) tech-
nologies. In rapid-sweep, full spectra can be measured in only  
6 ms by simultaneously sweeping both frequency combs.  
The step-sweep technique guarantees a very accurate knowl-
edge of the frequency axis in a record time of several min.

Both techniques have been applied to the measurement 
of absorption spectra of gases with narrow absorption lines at 
high resolution and sensitivity. The measured spectra cover a 
range of more than 60 cm-1 and the narrowest observed lines 
have a full width at half maximum of 15 MHz (0.0005 cm-1).  
The broadband coverage is useful for the analysis of complex 
gas mixtures. The low measurement noise makes the tech-
nique the ideal tool for studying gas concentration in environ-
mental or industrial applications (Figure 4).
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below 0.001 cm-1 recorded with the step-sweep technique. 
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