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The Moxtek ICE Cube™ Polarizing Beamsplitter
Matthew George, PhD , Moxtek

Moxtek’s ICE Cube™ polarizing beam splitter was 

developed for applications requiring large cone angles 

while maintaining color uniformity and image contrast 

over the visible wavelength spectrum. Applications 

where this advantage is important include: Head 

Mounted Display (HMD), Head-Up Display (HUD), and 

sensitive imaging systems.

Cube beamsplitters are found in a variety of spectroscop-

ic applications where matching path lengths, reduced 

ghosting, and limited beam shift are important. Polarizing 

beamsplitter cubes are found in phase-shifting laser inter-

ferometers, polarization sensitive optical coherence tomog-

raphy, and polarization sensitive white light interferometry. 

PBS cubes are often used for applications that require com-

pact designs and reduced mechanical vibration. Typically 

MacNeille cubes have been used for many PBS applications, 

but for low f/#’s (large cone angles), the color balance and the 

contrast ratio between passing and blocking state transmit-

tance have been less than ideal. On the contrary, wire grid 

polarizers (WGP) are known for excellent broadband per-

formance in low f/# applications. By incorporating a WGP 

along the hypotenuse of a cube beamsplitter, the Moxtek ICE 

Cube provides a superior PBS in low f/# applications.

Experimental Conditions

As depicted in Figure 1a, a white light LED source was col-

limated and passed through an iris followed by a high con-

trast pre-analyzer to select an input polarization state. The 

beam was then focused into Moxtek and MacNeille Cube 

beamsplitters and the blocking state transmittance (Ts) was 

minimized on a screen. The blocking state reflectance and 

transmittance were then imaged using a camera, as was the 

passing state transmittance and reflectance (after rotating 

pre-analyzers by 90°). In both cases the aperture was varied 

to change the f/#, and the images were taken at about f/1.2 

cone angle.

Results

As shown in Figure 1, the ICE Cube (Figure 1c) has im-

proved color balance and a reduced leakage in the blocking 

state (Ts) when compared to the MacNeille cube (Figure 1b). 

Both cubes were also characterized at variable angles with 

well collimated light from the UV to the SWIR. The Moxtek 

ICE Cube outperformed the MacNeille cube, accommodat-

ing angular deviations from normal incidence of ±20° in the 

azimuthal direction and ±10° in the polar (elevation) direc-

tion with minimal performance variation.

Conclusions

The Moxtek ICE Cube beamsplitter with embedded nano-

wire grid polarizer provides superior broadband performance 

over a wide angular aperture, with none of the dramatic color 

shifts and angular performance variations evident in Mac-

Neille cube beamsplitters. While MacNeille cube designs can 

typically only tolerate a narrow angular aperture before per-

formance deteriorates, the Moxtek ICE Cube accommodates 

a much larger angular field of view, allowing the optical de-

signer to maintain system performance in broadband spec-

troscopic applications with demanding form factors.

Moxtek, Inc.
452 West 1260 North, Orem, UT 84057

tel. (801) 225-0930, fax (801) 221-1121

Website: www.moxtek.com

 Figure 1: Low f/# performance comparison between polar-
izing beam splitter cubes. Measurement schematic (a) and re-
sults (b–c) showing blocking state transmittance (Ts) and re-
flectance (Rs) for MacNeille Cube (b) and Moxtek ICE Cube (c).
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removal capabilities give you the best detection 
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NexION 2000 ICP Mass Spectrometer

ANY MATRIX
ANY INTERFERENCE

ANY PARTICLE SIZE

http://www.perkinelmer.com/
http://www.perkinelmer.com/


10  Spectroscopy 32(4)   April 2017 www.spec t roscopyonl ine .com

Editorial Advisory Board

Fran Adar  
Horiba Scientific

Matthew J. Baker   
University of Strathclyde 

Ramon M. Barnes   
University of Massachusetts

Matthieu Baudelet   
University of Central Florida

Rohit Bhargava  

University of Illinois at Urbana-Champaign

Paul N. Bourassa  

Blue Moon Inc.

Michael S. Bradley  

Thermo Fisher Scientific

Deborah Bradshaw  

Consultant

Lora L. Brehm  

The Dow Chemical Company

David Lankin  
University of Illinois at Chicago,  
College of Pharmacy

Barbara S. Larsen  
DuPont Central Research and Development

Bernhard Lendl  
Vienna University of Technology (TU Wien)

Ian R. Lewis  

Kaiser Optical Systems

Rachael R. Ogorzalek Loo  
University of California Los Angeles,  
David Geffen School of Medicine

Howard Mark  
Mark Electronics

R.D. McDowall  
McDowall Consulting

Gary McGeorge 
Bristol-Myers Squibb

Linda Baine McGown  
Rensselaer Polytechnic Institute

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

Ellen V. Miseo  
Hamamatsu Corporation 

Michael L. Myrick  
University of South Carolina

John W. Olesik  
The Ohio State University

Steven Ray  
State University of New York at Buffalo

Jim Rydzak  
Specere Consulting 

Jerome Workman Jr.  
Unity Scientific

Lu Yang  
National Research Council Canada

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

Gain greater energy throughput, 

achieve higher spectral quality 

and attain faster results. 

aaaininnn gg gggggggggrerererereeeeeatataaaterererereerr e eeeeeeeeeneneneneneergrgrgrgrgrggggggyyyyyy yy tttththththt rorororororoougugugugguggggghpphphphppppputututuut,,,,,,

hihihihihihihihihhh eveveveveveveveveveve eeeeeee eeee hihihihihihihihhhh ghghghghghghghghghghgherererererererererere ss ssssssspepepepepepepepepepepectctctctctctctctctctttrarararararararararalllllll quququququququququqq alalalalalalalaaa ititititititititttttyyyyyyyyyy

ddddddddddd atatatatatatatatatattttatatatatatatatatatatt ininininininininnn ffffffffffffasasasasasasasasasastetetetetetetetetetetet rrrrrrrrrr rererererererererereesususususususususs ltltltltltltltttttts.s.s.s.s.sssssd ddd aaaatatata tatatataainnnn ff fffff sasasassa teteteeerrrrr rererererereesususus tltltssss..s.. 

aaaaaaaaaainininininininnnn ggggggggggrererererererererereeatatatatatatatatatatttererererererererereer eeeeeeeeeeeneneneneneneneneneneergrgrgrgrgrgrgrgrgrgyyyyyyyyyy thththththththththththt rororororororororor uguguguguguguguggghphphphphphphphphphph ututututututututttttaaaa

ccccc

aaaaaaaaa

dddddddddd

GGGGaGaGaGGaG

acacacacacacacacaca

ananananananananananaananananaa

GGaGaGaGaGaGaGG

 Low-Volume Heated Gas Cell

       Short pathlength, 10 or 12 cm 

       Volume less than 5 ml

       Heating up to 300 oC

       Precision transfer optics for beam focusing

       Welded fittings to prevent leakage

NEW Catalog Available! 
Download today at www.piketech.com

Our new Low-Volume Heated Gas Cell is 

ideal for infrared applications such as 

determining and quantifying off-gassing 

and headspace species where gas volume 

is limited. At less than 5 ml, the gas cell 

volume is a fraction of that found in typical 

short-path gas cells of similar lengths. It 

connects easily to simple gas flow 

experimental setups as an IR screening 

diagnostic tool. Due to its low internal 

volume, it offers near-instantaneous 

feedback on gas compositional changes.  

 

.....
      To optimize energy throughput, this 

unique cell uses a set of transfer optics 

that focuses the IR beam onto the entrance 

of the 7-mm bore cell body. The interior of 

the gas cell body is highly polished and 

gold coated for maximum IR transmission. 

(608) 274-2721 

www.piketech.com

info@piketech.com

SUPERCHARGE

Gain greater energy throughput, 

achieve higher spectral quality 

and attain faster results. 

your spectrometer 

with PIKE Accessories

Featured Accessory

http://www.spectroscopyonline.com
http://www.piketech.com
mailto:info@piketech.com
http://www.piketech.com
http://www.piketech.com


www.spec t roscopyonl ine .com April 2017   Spectroscopy 32(4)  11

News Spectrum
New ASTM Method Uses ICP–AES to 
Determine Aluminum Alloy Composition

ASTM’s committee on analytical chemistry for metals, 
ores, and related materials has developed a new method 
for analyzing the composition of aluminum and aluminum 
alloys. The test will help manufacturers, consumers, and 
laboratories verify that an alloy’s composition is within 
the needed limits through inductively coupled plasma–
atomic emission spectrometry (ICP-AES). This method will 
soon be published as E3061, Test Method for Analysis of 
Aluminum and Aluminum Alloys by Inductively Coupled 
Plasma Atomic Emission Spectrometry (Performance 
Based Method).
   The new method is performance based, but it also 
provides established preparation and analysis techniques. 
Additionally, the standard establishes expected 
repeatability of this method.
   “The composition of an aluminum alloy is one factor 
that determines the final properties of the metal, such as 
strength, hardness, and durability,” said ASTM member 
Jeneé Jacobs. He noted that ICP-AES is currently being 
used in many laboratories as a replacement for wet 
chemistry techniques and other outdated analytical 
methods.  ◾

Inductively coupled plasma (ICP) and 

ICP–mass spectrometry (ICP-MS) is 

mainly used for materials analysis appli-

cations for the determination of metals in 

the parts-per-billion and parts-per-trillion 

range, respectively. ICP and ICP-MS will 

work alongside with an atomic absorp-

tion (AA) spectrophotometer, where the 

ICP system has the advantage for deliv-

ering multielement analysis, and AA is 

preferred when fewer than 10 elements 

need to be analyzed.

   Although weakness in the metals and 

mining industry has challenged the mar-

ket for spectroscopy instruments in 2016, 

the demand for environmental and food 

testing have been robust, forging growth 

for key technologies such as ICP and ICP-MS. The Food and 

Agricultural Organization (FAO) and World Health Organiza-

tion (WHO) continue to develop methods and standards to 

monitor toxic materials that could potentially enter the food 

chain through industrial pollution or environmental contamina-

tion. 

   In particular, demand for ICP-MS has been strong fueled by 

testing of soil, rice products, apple juice, drinking water, and 

seafood, among other foods. ICP-MS can simultaneously de-

termine trace levels of contaminants or toxins such as arsenic, 

cadmium, chromium, lead, and mercury. Rice and rice-based 

foods, for example, accumulate the highest level of arsenic 

among food crops. Rice is the staple of 

many Asian countries, and its consump-

tion continues to rise in Africa and South 

America.

   ICP and ICP-MS accounts for 15% of the 

market for spectroscopy techniques used 

in environmental and food applications. 

The market is led by Agilent, PerkinEl-

mer, and Thermo Fisher Scientific. Overall 

growth is forecasted to be strong over the 

next several years as laboratories contin-

ue to welcome new high-end instruments 

such as Agilent’s 8900 ICP-QQQ and 

Thermo Fisher Scientific’s iCAP TQ triple-

quad ICP-MS systems into their research 

and testing facilities.

   Spectroscopy techniques, including 

mass spectrometry, molecular spectroscopy, and atomic 

spectroscopy, are important tools that help monitor the envi-

ronment and ensure the safety of the world’s foods. Combined, 

these technologies represent nearly two billion dollars in in-

strument sales annually. 

   Market size and growth estimates were adopted from TDA’s 

Industry Data, a database of market profiles from independent 

market research firm, Top-Down Analytics. For more informa-

tion, contact Glenn Cudiamat, General Manager at (888) 953-

5655 or glenn.cudiamat@tdaresearch.com. Glenn is a market 

research expert and has been covering the analytical instru-

mentation industry for nearly two decades.

MARKET PROFILE: ENVIRONMENTAL AND FOOD  

APPLICATIONS FORGING GROWTH FOR ICP AND ICP-MS

2016 spectroscopy demand for environ-
mental and food applications.

The infrared spectrum for your next interpre-

tation exercise is shown in the figure below. 

Using the information provided here and 

what you have learned from previous col-

umns, try to determine the complete chemi-

cal structure of this pure compound. 

At minimum, try to determine whether this is 

an alcohol, and if it is, what type it is. Here’s 

a hint: Assume the 2965 and 2938 peaks 

are the same size. They might not appear 

so due to a plotting error.

To see the answer, please turn to page 20 in this issue.

IR QUIZ TIME

The IR spectrum of a liquid. Sampling method: capillary thin film.

http://www.spectroscopyonline.com/ir-spec-

tral-interpretation-workshop-quiz-9

http://www.spectroscopyonline.com/
http://www.spectroscopyonline.com/ir-spectral-interpretation-workshop-quiz-9
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Focus on Quality

R.D. McDowall

Data integrity requires a multilayered approach that runs throughout a regulated organization. Here 
we discuss the laboratory level.

Understanding Data Governance, 
Part II

In the first part of this series (1), I spoke about data gov-
ernance at the corporate level. For the second part, I will 
focus on the laboratory and discuss the impact of the 

data governance scheme as it cascades down to the pro-
cesses and systems at the bench.

Line management will be responsible for ensuring that 
the corporate policies and procedures as well as the require-
ments for an open culture are communicated down the 
line to the operational staff as outlined in Table II in Part 
I. My main focus here will be on data ownership and data 
stewards because the Internation Society of Pharmaceutical 
Engineering (ISPE) paper only has a single passing refer-
ence to data owners (2), but data ownership is mentioned in 
the Medicines and Healthcare Products Regulatory Agency 
(MHRA) and World Health Organization (WHO) data in-
tegrity guidance documents (3,4).

How do we get from data governance to data ownership? 
The WHO data integrity guidance (4) states in Section 4.10, 
“To ensure that the organization, assimilation, and analysis 
of data into a format or structure that facilitates evidence-
based and reliable decision making, data governance 
should address data ownership and accountability for data 
process(es) and risk management of the data life cycle.”

As we can see, a part of data governance is data owner-
ship and accountability for data processes and associated 
risk management in any data life cycle. Since we are dealing 
with spectroscopic analysis, we will focus on computerized 
systems that control a spectrometer. However, do not forget 
any manual processes in your laboratories that also need as-
surance of the integrity of records generated.

How do we know who are data owners, and what are 

their responsibilities? The guidance documents are not 
much help here, so let’s return to the definitions of data 
governance in Table I from Part I for some assistance. The 
nonpharmaceutical definitions listed in the right-hand 
column show that data governance focuses on defining 
the rules, roles, and responsibilities for acquisition and 
management of data. In my opinion, data owners should be 
responsible for these functions because they should know 
the process that is automated by the spectrometer. However, 
there are already two roles for a computerized system de-
fined in Good Automated Manufacturing Practice (GAMP) 
5 (5) and Annex 11 (6): the process owner and the system 
owner. These two roles were originally defined in GAMP 5 
(5) and were simplified in Annex 11 (6) as follows:

Process owner:
t�The person ultimately responsible for the business process 

or processes being managed (5).
t�The person responsible for the business process (6).

System owner:
t�The person ultimately responsible for the availability, sup-

port, and maintenance of a system, and for the security of 
the data residing on the system (5).
t�The person responsible for the availability and mainte-

nance of a computerized system and for the security of 
the data residing on that system (6).
These are the two roles that are defined in the regula-

tions. The split in responsibilities above gives rise to the 
concept of process owner in the business and system owner 
in IT. Note that for stand-alone systems, the two sets of re-

http://www.spectroscopyonline.com/
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sponsibilities are merged and the pro-
cess owner is also the system owner. 
Hands up for those lucky individuals 
in this situation!

Can a Process Owner Be a Data 
Owner?
How should these regulatory roles fit 
within a data governance framework? 
Let’s start with the data owner. The 
obvious fit is for the process owner to 
be the data owner as well because data 
are generated and converted to infor-
mation in the business. Therefore, we 
could modify the Annex 11 definition 
of process owner and encompass data 
ownership as follows: “The person 
responsible for the business process 
including the data generated, trans-
formed, and reported by a manual 
process or a computerized system.”

So, who should be a process or data 
owner? GAMP 5 gives some guid-
ance that is self-explanatory (5): “This 
person is usually the head of the func-
tional unit or department that uses 
the system, although the role should 

be based on specific knowledge of the 
process rather than position in the or-
ganization.”

One potential area of confusion 
concerns the name “data owner,” 
which implies that an individual owns 
the date rather than the organization 
that owns the system and the data gen-
erated by it. That situation is not so—
the organization owns the data, and 
the data owner is merely the custodian 
of the data in the system who acts on 

behalf of the organization. Perhaps 
data custodian may be a better title for 
this individual.

Other Data Governance Roles at 
the System Level
We will look in some more detail 
within our regulated analytical labora-
tory at the other roles involved in data 
ownership. In addition to the data 
owner, there are two other roles as fol-
lows:

Data Owner

Data steward

Quality assurance

advice, audits

and oversight

Technology (IT)

steward

Figure 1: Data governance at the process and system level.

Rigaku Corporation and its Global Subsidiaries

website: www.Rigaku.com     |     email: info@Rigaku.com

http://www.spectroscopyonline.com/
mailto:info@rigaku.com
https://www.rigaku.com/en
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t�Data stewards: Responsible for en-
abling the requirements of the data 
owner for the system. (These people 
would typically be the power users or 
system administrators in the labora-
tory.)
t�Technology stewards: Responsible 

for enabling the IT requirements of 
the data owner and a person or per-
sons who, for a networked system, is 
the system owner or reports to the 
system owner. This role is essential 
for the segregation of duties and 
to avoid conflicts of interest when 
administering the system. Note that 
this role will not be found in a paper-

based process because it is only used 
when a computerized system is in-
volved.
The responsibilities of each role are 

listed in Table I and the interactions 
between these two roles and the data 
owner are shown in Figure 1. Subject 
matter experts, some of whom may be 
either data or technology stewards, are 
also mentioned in Table I and quality 
assurance input is only shown in Fig-
ure 1 but the responsibilities are many 
of those presented in Table II from 
Part I. To map from data governance 
roles to those currently used in labo-
ratories, I have put titles in brackets in 

Table I—for example, a data steward is 
a laboratory administrator.

Looking at the three main roles 
above, you will find two of them are 
not mentioned in any data integrity 
guidance document: data steward and 
technology steward. The role of these 
stewards, and others, can be seen in 
the book by Plotkin (7). Why is there 
a need for data and technology stew-
ards?  The answer can be found in the 
discussion of who should be a process 
owner in GAMP 5 (5) and outlined 
above. Typically, the data owner is 
the head or a section head of a labora-
tory, but often the work to be done 
in administering the system will be 
devolved to others such as super users 
or lab administrators and IT support 
staff if the system is connected to the 
network. This is the normal business 
process and these individuals are the 
data and technology stewards. Fur-
thermore, because the data owner will 
specify the security, data quality, and 
data integrity requirements for the 
system, who better to ensure that they 
have been implemented than the sec-
ond-person reviewers, another group 
of data stewards? You’ll remember my 
comment earlier in this column about 
the need to integrate data integrity 
roles with normal business operations. 
Here is a very good example of that. 
Take the normal situation and simply 
reinforce or overlay the data integrity 
responsibilities on top.

Data Owner
It is important to realize that data 
integrity and data quality begin at the 
point of data acquisition by the process 
and not in the computer center. If data 
acquisition is compromised by poor 
working practices or by using an un-
calibrated instrument, data integrity 
is compromised or lost from this point 
forward. Therefore, the data owner’s 
responsibilities for a regulated com-
puterized system from the business 
side include
t�Defining what is required of a sys-

tem in terms of data quality, data 
integrity, and data security. This 
process will result either in inputs to 
the configuration specification for 
the setting of application policies, 

Table I: Process and system level roles and responsibilities

Role Responsibilities

Data owner t� �*NQMFNFOUT�EJSFDUJWFT�BOE�QSPDFEVSFT�GSPN�UIF�DPSQPSBUF�EBUB�

HPWFSOBODF�TUFFSJOH�DPNNJUUFF

t� �3FTQPOTJCMF�GPS�POF�PS�NPSF�XPSLGMPX�QSPDFTTFT�UIBU�NBZ�CF�

NBOVBM�IZCSJE�PS�FMFDUSPOJD�PS�B�DPNCJOBUJPO�PG�BMM�UISFF

t� �3JTL�BTTFTTNFOU�PG�UIF�QSPDFTTFT�BOE�TZTUFNT�UP�EFUFSNJOF�SFDPSE�

WVMOFSBCJMJUZ

t� �3FNFEJBUJPO�FGGPSUT�JO�UIF�TIPSU�UFSN�UP�GJY�SFDPSE�WVMOFSBCJMJUZ�

BOE�B�MPOHFS�UFSN�GJY�GPS�CVTJOFTT�CFOFGJU

t� �"QQSPWFT�NPEJGJFT�PS�SFKFDUT�BMM�EBUB�HPWFSOBODF�SFRVFTUT�XJUI�

UIF�QSPDFTT�PS�TZTUFN�GPS�XIJDI�UIFZ�BSF�SFTQPOTJCMF�

t� �%FGJOFT�BOE�BVUIPSJ[FT�UIF�EBUB�RVBMJUZ�JOUFHSJUZ�BOE�TFDVSJUZ�PG�

UIF�QSPDFTT�

t� �%FGJOFT�BOE�BVUIPSJ[FT�UIF�SFDPSE�TFDVSJUZ�VTFS�SPMFT�BOE�BDDFTT�

QSJWJMFHFT�PG�DPNQVUFSJ[FE�TZTUFNT

t� %FGJOFT�UIF�EBUB�CBDLVQ�BOE�SFDPWFSZ�GPS�DPNQVUFSJ[FE�TZTUFNT

t� �3FQPSUJOH�UP�UIF�EBUB�HPWFSOBODF�TUFFSJOH�DPNNJUUFF�PO�QSPHSFTT�

PG�XPSL�BOE�QSPDFTT�BOE�TZTUFN�NFUSJDT

Data  
TUFXBSE

t� *NQMFNFOUT�EBUB�PXOFS�T�SFRVJSFNFOUT�GPS�UIF�QSPDFTT�BOE�TZTUFNT�

t� �&OTVSF�BOE�IFMQT�VTFST�UP�GPMMPX�UIF�TFDVSJUZ�EBUB�RVBMJUZ�BOE�EBUB�

JOUFHSJUZ�SFRVJSFNFOUT�JNQMFNFOUFE�JO�UIF�TZTUFN�PS�QSPDFTT

t� 3FWJFX�EBUB�HFOFSBUFE�CZ�VTFST�VTJOH�UIF�TZTUFN�BOE�QSPDFTT

t� $PPSEJOBUF�*5�BDUJWJUJFT�GPS�TVQQPSUJOH�OFUXPSLFE�TZTUFNT

t� *EFOUJGZ�JNQSPWFNFOU�JEFBT�GPS�EJTDVTTJPO�XJUI�UIF�EBUB�PXOFS

t� (FOFSBUF�NFUSJDT�GPS�UIF�EBUB�PXOFS�UP�SFQPSU

5FDIOPMPHZ�
TUFXBSE

t� �&OTVSF�UIBU�UIF�DPNQVUFS�QMBUGPSN�JT�BEFRVBUF�GPS�EBUB�JOUFHSJUZ�

OFFET�EFGJOFE�CZ�UIF�EBUB�PXOFS

t� �4VQQPSU�DPNQVUFSJ[FE�TZTUFNT�UIBU�DSFBUF�QSPDFTT�SFQPSU�BOE�

TUPSF�EBUB

t� $POGJHVSF�UIF�BQQMJDBUJPO�UP�NFFU�UIF�EBUB�PXOFS�T�TQFDJGJDBUJPOT

t� �(SBOUJOH�NPEJGZJOH�BOE�SFWPLJOH�VTFS�BDDFTT�GPMMPXJOH�SFDFJQU�PG�

B�SFRVFTU�GSPN�UIF�EBUB�PXOFS�

t� �#BDLVQ�BOE�SFDPWFSZ�PG�EBUB�PO�DPNQVUFSJ[FE�TZTUFNT�BDDPSEJOH�

UP�UIF�EBUB�PXOFS�T�SFRVJSFNFOUT

t� 1SPQPTF�IBSEXBSF�BOE�TPGUXBSF�DIBOHFT�UP�UIF�TZTUFN

t� �6TF�DIBOHF�DPOUSPM�QSPDFTT�GPS�JNQMFNFOUJOH�DIBOHFT�UP�FOTVSF�

UIBU�EBUB�BSF�QSPUFDUFE�EVSJOH�DIBOHF

t� &OTVSF�UIF�TFDVSJUZ�PG�UIF�TZTUFN�

t� (FOFSBUF�NFUSJDT�GPS�UIF�EBUB�PXOFS�UP�SFQPSU

4VCKFDU�NBU-
UFS�FYQFSUT

t� 1SPDFTT�VOEFSTUBOEJOH

t� �5FDIOJDBM�VOEFSTUBOEJOH�PG�UIF�DPNQVUFSJ[FE�TZTUFNT�VTFE�JO�UIF�

QSPDFTT

http://www.spectroscopyonline.com/


April 2017   Spectroscopy 32(4)  15www.spec t roscopyonl ine .com

writing of standard operating proce-
dures (SOPs) for using the system, or 
the agreement with IT to support the 
system (for example, backup, user 
account management, and so on). 
This step begins from the start of the 
analytical procedure.
t�Assessment of the system to deter-

mine if there are vulnerabilities of 
the records contained therein. Al-
though a system may be validated, 
record vulnerabilities may exist that 
have to be managed (8).
t�Development of a remediation plan 

with the data and technology stew-
ards for any remediation to secure 
the records and reduce or eliminate 
data vulnerabilities following the as-
sessment.
t�Approve access to the system for new 

users and changes in access privi-
leges for existing ones for IT admin-
istrators to implement.
t�Approval or rejection of change con-

trol requests.
t�Approval for archiving data and re-

moving them from the system.

t�Receive feedback from the data stew-
ards of the system of issues involving 
quality, integrity, and security of the 
spectroscopic data and implement 
any modifications of procedures for 
the data stewards to implement.
That’s the good news for data own-

ers.

Data Steward
The data stewardship concept is de-
fined in the literature as the enabling 
capability of data governance. Defin-
ing different types of stewardship ad-
dressing different aspects of the data 
governance process is also described in 
the literature (7), but the focus in this 
column is only on data and technology 
stewards.

Because the data owner probably 
will not have the time or the training 
to implement the requirements for 
data integrity and quality that they 
have mandated, implementation is 
the role of the data stewards for the 
system:
t�The data stewards, in the form of 

power users or super users, are the 
first point of contact for user ques-
tions for help with the system.
t�The stewards will also be instrumen-

tal in ensuring the smooth running 
of the system with processes such as 
developing custom reports or custom 
calculations.
t�As expert users of the system, they 

will be responsible for ensuring that 
the requirements for data integrity 
and data quality set by the data 
owner have been implemented and 
are working.
t�They are also responsible for data 

queries and monitoring data integ-
rity from a system perspective—for 
example, they are responsible for a 
regular review of system-level audit 
trails for system-related issues rather 
than data integrity problems or aid-
ing quality assurance data integrity 
audits.
In monitoring the system from the 

business perspective, data stewards 
can raise issues for discussion with the 
data owner to resolve as noted earlier 

http://www.spectroscopyonline.com/
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in this section.

Is a Lab Administrator a Data 
Steward?
Although data stewards are involved 
with data governance outside of the 
pharmaceutical industry, we need to 
see how this role can be overlaid onto 
the situation in a regulated laboratory. 
For most systems, either stand-alone 
or networked, the data owner may not 
be involved in some of the technical 
administration of the application such 
as the generation of spectral libraries, 
creation of custom reports, and cus-
tom calculations or macros. Technical 
administration is the role of the labo-
ratory administrators. You can see that 
adding the responsibilities involved for 
data stewardship in Table I would be a 
logical step within an overall data gov-
ernance framework and to integrate 
governance within the current roles 
typically used in a laboratory.

Is a Technology Steward a  
System Owner?
Recall the definition of system owner 
from Annex 11 as the person who is 
responsible for the availability and 
maintenance of a computerized system 
and for the security of the data resid-
ing on that system. This role, in my 
view, should be performed by the IT 
department. In particular, the system 

owner could be the head of the func-
tional IT group responsible for system 
support. An alternative approach is 
that the system owner could be in the 
laboratory or business, but that would 
only work with larger organizations 
that have the capacity for the head-
count. In smaller organizations, the 
role of system owner would need to 
be delegated directly to the IT depart-
ment under an agreement with the 
process or data owner.

For a networked application, tech-
nology stewards are members of the IT 
department who would be responsible 
for the administration of a networked 
application, logical security, backup or 
recovery, and other support functions 
and carry out the responsibilities out-
lined in Table I. However, if the spec-
troscopy system is stand-alone and has 
few users, then the data owner is also 
the data steward and the technology 
steward. Three hats and no pay rise.

Segregation of Duties
In this data governance framework, it 
is important that there is a segregation 
of duties. For example, there needs to 
be separation of administrator func-
tions for configuration of the applica-
tion from the normal analytical users 
of the system.  In addition, access to 
data files in operating system directo-
ries, the system clock and the recycle 

bin needs to be restricted for labora-
tory users. 

The Short Straw . . .
Look around any regulated laboratory 
and you will see a data integrity disas-
ter in operation. There are your lovely 
toys—sorry, spectrometers—that are 
operated by a software operating on a 
stand-alone workstation. Do you want 
the good news or the bad news? Good 
news? OK, there is none! The bad news 
comes in a variety of forms:
t�You, the data owner, are now also the 

system owner because the computer 
is not connected to the network—
you are now doing user account 
management, documenting the con-
figuration of the software, and back-
ing up the data, and this is a conflict 
of interest.
t� It is highly likely that you are using 

the system as a hybrid by generating 
electronic records and signing paper 
printouts.
t�Most of your electronic records are 

stored in directories within the oper-
ating system that any user can access 
by going outside of the operating 
system and deleting files. Moreover, 
such users can also access the system 
clock, which may not be checked; 
they can also access the recycle bin.
Life is wonderful, if you don’t think 

about the problems with your software 

Table II: The CMMI data maturity model (9)

Level Description Data Use
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and the electronic records. How do we resolve this situa-
tion?

Defining Data Integrity and Security of a System
You may remember from Table I in Part I that the focus was 
on the access to data and hence the records generated, inter-
preted, and reported by it. Therefore, you as the data or pro-
cess owner are responsible for assessing the processes and 
systems for which you are responsible for the vulnerability 
of the records over the lifetime of the data. This assessment 
will be coordinated by the corporate data governance steer-
ing committee or their local equivalent.

The aim of this assessment is to identify the vulnerabili-
ties of the records and remediate in two ways:
t�Short-term remediation: This process involves quick fixes 

to ensure that records are protected, such as implement-
ing operating system security to prevent access to the 
records, the system clock, and the recycle bin. Electronic 
records with associated metadata should be transferred 
to the network and be backed up by the IT department. 
Adding a network card to the workstation should enable 
the data to be backed up to secure network storage.
t�Long-term remediation: This process ensures that the 

system and the process it automates acquires and man-
ages data to ensure quality, reliability, and integrity of the 
records. Let’s explore this area briefly now.

The Hybrid System Nightmare
A hybrid system is the worst possible situation because the 
data owner has to ensure that the electronic records created 
by the software are linked to the signed paper printouts. 
Managing and coordinating two disparate media forms 
over the lifetime of the data is difficult. However, don’t just 
take my word for it, look at what the WHO data integrity 
guidance (4) says:
t�“Data integrity risks are likely to occur and to be highest 

when data processes or specific data process steps are . . . 
hybrid, . . .
t�“The use of hybrid systems is discouraged . . .
t�“The hybrid approach is likely to be more burdensome 

than a fully-electronic approach; . . .
t�“Replacement of hybrid systems should be a priority.
t�“In the hybrid approach, which is not the preferred ap-

proach, paper printouts of original electronic records . . .”
Are you getting the message?
While the aim of short term remediation is to ensure 

that the record vulnerabilities are reduced to acceptable 
levels, longer-term replacement of these systems is essential. 
Again, the aim here is to provide substantial business ben-
efit to the laboratory with the remediation and not just to 
replace one hybrid system with another as was the case with 
Part 11 remediation. Automation of a laboratory process 
must have the aim of improving working practices, speed-
ing up work, and ensuring data integrity. However, if the 
new laboratory process fails to eliminate the majority of 
paper records or the way the software works is not managed 
correctly then all that happens is that the process becomes 

an automated mess and data integrity cannot be ensured. 
Back to square one.

The problem is that the majority of spectroscopic systems 
are very poorly designed. Examples include:
t�systems designed to work as a hybrid with no electronic 

signatures;
t�electronic signatures implemented improperly in that the 

signature is not applied to the record but recorded only as 
an audit trail entry;
t�a system operated as a stand-alone system with no option 

to work as a networked system that would allow users to 
review data at a second workstation;
t�a system in which data are acquired to a single hard drive 

and not to a secure network drive;
t�a system in which data are managed in directories in the 

operating system rather than in a database; and
t�poor audit trail review functions that highlight if good 

manufacturing practice (GMP) critical data have been 
modified or deleted.
Unfortunately, users have not pressured suppliers to en-

sure that the software is adequate to meet changing regula-
tory requirements and suppliers only react to market forces.

Data Maturity Model
You will recall in Part 1 of this column, I stated that the 
primary reason for data governance should be for business 
rather than regulatory reasons. Again, we step outside of 

www.spectroscopyonline.com
https://www.spectral-systems.com/
https://www.spectral-systems.com/
mailto:info@spectral-systems.com


18  Spectroscopy 32(4)   April 2017 www.spec t roscopyonl ine .com

the confines of the regulated world 
and bring in a wider perspective from 
the CMMI Institute. Carnegie-Mellon 
University of Pittsburgh (CMU) has 
the Software Engineering Institute 
(SEI) as one of its faculties. The SEI 
has designed the capability maturity 
model (CMM) to classify an organiza-
tion’s software development ability 
into one of five categories. A further 
refinement of this model is CMMI for 
implementation of software within 
organizations and has given rise to 
the CMMI Institute. A data maturity 
model (DMM) has been developed 
(9). The DMM is a five category model 
that describes an organization’s ma-
turity for dealing with data and an 
edited version of this is shown in Table 
II.

As can be seen in Table II, DMM 
Level 1 is essentially ad hoc manage-
ment of data, which in a pharmaceuti-
cal context is producing and managing 
data because the regulations say you 
must. As we go up toward DMM Level 
5 there is increasing emphasis on the 
design of processes that generate and 
use data effectively as well as a realiza-
tion that data are a strategic asset and 
must be managed as such (9). Hence 
the need for effective data governance 
from the boardroom down in an orga-
nization. At the higher levels, metrics 
are collected and analyzed not just for 
monitoring the effectiveness of a data 
generating process but also to improve 
it.

One of the aims of data governance 
should not be a way to keep the regula-
tors happy, but to ensure the survival 
and growth of organizations

Don’t Forget Paper Records!
Although the focus in this column has 
been on electronic records, data gover-
nance and data integrity also needs to 
consider paper records that are created 
and used in analysis. Chris Burgess 
and I wrote a recent paper on the 
control of blank forms (10) to address 
the regulatory concerns in the WHO, 
FDA, EMA, and PIC/S guidance docu-
ments (4,11–13). Blank forms are not 
the end of the paper trail—don’t forget 
balance printouts, laboratory note-
books, equipment logs, and so forth, 

that need the integrity of their records 
assured.

Summary
In this two-part column series, we 
have looked at data governance from 
the board room to the laboratory 
bench for a regulated organization. 
We have discussed the organizational 
structures, roles, and responsibilities 
for ensuring data integrity. In the labo-
ratory, data ownership and data stew-
ards are important for ensuring the 
integrity of data acquired, processed, 
and reported is complete, consistent, 
and accurate. However, don’t forget 
that this column series has focused 
on computerized systems because we 
are looking at spectroscopic analysis. 
There are manual paper-based pro-
cesses in many laboratories that also 
have to be analyzed for risk to the re-
cords generated and used. As a parting 
thought, all data governance for data 
integrity must be integrated into the 
pharmaceutical quality system for an 
organization.
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IR Spectral Interpretation Workshop

Brian C. Smith

Our survey of the spectroscopy of the C-O bond continues where we complete our discussion 
of alcohols and discuss how to distinguish pure alcohols, alcohol–water mixtures, and pure 
water from each other.

Alcohols—The Rest of the Story

I n the last column (1) I introduced you to the spectros-
copy of the C-O bond, and we covered how to inter-
pret the spectra of primary alcohols. As I discussed 

then, in addition to primary alcohols, secondary alco-
hols, tertiary alcohols, and phenols can be analyzed by 
infrared spectroscopy as well. The chemical structures of 
primary, secondary, and tertiary alcohols are shown in 
Figure 1.

Remember that in general alcohols have a broad, strong 
O-H stretch at 3350 ± 50 cm-1 (assume all peak positions 
stated after this are in cm-1 units), an in-plane –OH bend at 
1350 ± 50, and an O-H wag at 650 ± 50 (1). Lastly, primary 
alcohols typically have a C-C-O asymmetric stretch (here-
inafter called the C-O stretch) between 1000 and 1075. As 
we will learn in this installment, the key to distinguishing 
these alcohols from each other is the position of the C-O 
stretching peak.

The Spectra of Secondary and Tertiary Alcohols
A spectrum of a secondary alcohol, called isopropyl or 
“rubbing” alcohol, is shown in Figure 2, and its peak as-
signments are shown in Table I. As we have learned (1), 
the infrared peaks of alcohols are broadened because of 
hydrogen bending and are hence easy to spot. In Figure 
2 the OH stretch is labeled A at 3349, the in-plane bend 
labeled C appears at 1309, and the -OH wag labeled G 
appears at 655. Recall that the C-O stretch is frequently 
the largest peak between 1300 and 1000 (1). Following 

this rule we can assign the peak labeled D at 1129 as the 
C-O stretch of isopropyl alcohol. Note that this is higher 
in wavenumber than the range quoted for primary alco-
hols of 1075 to 1000. For secondary alcohols generally 
the C-O stretch falls between 1150 and 1075. Thus, a 
C-O stretch below 1075 can be assigned as a primary 
alcohol, and a C-O stretch above 1075 can be assigned 
as a secondary alcohol. The C-C-O symmetric stretch 
of isopropyl alcohol is at 817 and is labled F in Figure 
2. Peak B is a “split” umbrella mode due to the branch 
point in isopropyl alcohol. More on this type of peak 
and branch points in a future column. Peak E is from 
a C-C stretching  vibration. Carbon-carbon stretching 
vibration peaks are typically not this intense. However, 
the oxygen attached to the carbon atoms polarizes these 
bonds, increasing the change in dipole moment with 
respect to distance during the vibration, resulting in an 
increase in peak intensity.

The spectrum of a tertiary alcohol, tert-butanol, is 
seen in Figure 3. The OH peaks fall as expected, with the 
stretch at 3371, the in-plane bend at 1366, and wag at 648. 
Note that tert-butanol also has a split umbrella mode with 
peaks at 1379 and 1366 because of its branch point. The 
reasonably intense peak at 914 is the symmetric C-C-O 
stretch. The biggest peak between 1300 and 1000 is at 
1202 and is assigned as the C-O stretch. In general for 
tertiary alcohols this peak falls between 1210 and 1100. 
Unfortunately, this range overlaps significantly with the 
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range for secondary alcohols. Using the 
C-O stretching peak position as noted 
in Table II, primary and secondary 
alcohols can be distinguished, primary 
and tertiary alcohols can be distin-

guished, but secondary and tertiary 
alcohols may or may not be distin-
guished depending upon where their 
C-O stretches fall. Unfortunately, there 
are no other useful IR peaks to solve 

this problem. Other information, such 
as a 13C nuclear magnetic resonance 
(NMR) spectrum, may be needed to 
distinguish secondary and tertiary al-
cohols from each other.

Working our way from left to right across the spectrum in 
Figure i, the first peak encountered is a strong and broad 
one at 3342, strongly indicating the presence of an OH 
bond in the sample. The broad OH wag at 660 confirms 
that this molecule is an alcohol. To identify the type of 
alcohol we look for the biggest peak between 1300 and 
1000, which is at 1058 confirming this is a primary alcohol 
whose skeletal framework is R-CH2-OH.

Coming back to the 
C-H stretches, note that 
there are none above 
3000 but that there are 
three between 2850 and 
3000. The position of 
these peaks confirms 
that all carbons pres-
ent are saturated, and 

the fact that there are three of them indicates there are 
CH2 and CH3 groups present (2). The presence of a methyl 
group umbrella mode at 1385 confirms the presence of 
the methyl group, and the absence of any peaks at 720 ± 
10 means that the alkyl chains present have less than four 
CH2 groups in a row (2).

The final thing to do here is determine the CH2/CH3 
ratio. Because by definition primary alcohols have at least 

one methylene group, and we know that there is a CH3 
present, the CH2/CH3 ratio could be 1. The only primary 
alcohol that meets this description is ethyl alcohol, whose 
spectrum we have seen previously (1), and it does not look 
like the problem spectrum (besides, I would never assign 
you a spectrum as a problem that you have previously 
seen!). Since the alkyl chain must have fewer than four 
methylenes in a row, the only other possibilities are chains 
with two or three CH2 groups. In the primary alcohol class 
this narrows us down to propyl alcohol or butyl alcohol. 
I am afraid this is far as we can push the analysis using 
just this spectrum, consulting a spectral atlas or a library 
search would resolve the problem. As we have seen before 
it is not always possible to get exact alkyl chain length 
from an infrared spectrum by itself. It turns out the CH2/
CH3 ratio is 2, and the sample is propyl alcohol (propanol), 
whose structure is shown in Figure ii and whose peak as-
signments are shown in Table i.

In a previous column I discussed how to use the inten-
sity ratio of the methyl and methylene asymmetric C-H 
stretches to estimate CH2/CH3 ratio (3). I did not do that 
for this problem because the way the spectrum was plot-
ted it is difficult to tell where the peaks end and the peak 
markings begin, making it impossible to use this approach 
in this particular example. I apologize for the inconve-
nience.

Next Interpretation Problem
Our next interpretation problem is shown in Figure iii. 
Here’s a hint: To make your life easier, assume the peak at 
2872 is at 2855.

The Solution to Last Column’s Interpretation Problem, and This Month’s Problem
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Figure i: The infrared spectrum of propyl alcohol, C3H8O, the solution to 
last column’s interpretation problem.
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Figure ii: The chemical 
structure of propyl alcohol, 
the solution to last column’s 
interpretation problem.
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Figure iii: The infrared spectrum of a liquid measured as a capillary thin 
film (hint: to make your life easier, assume the peak at 2872 is at 2855).

Table i: The peak assignments 
for propyl alcohol.

Peak Assignment

3342 O-H stretch 

2965 CH3 asymmetric stretch

2938 CH2 asymmetric stretch

2879 CH3 asymmetric stretch

1385 CH3 umbrella mode

1058 Primary alcohol C-O stretch 

889 C-CH2-O symmetric stretch

660 O-H out-of-plane bend
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Phenols
As stated in the last column (1), phe-
nols contain an OH group attached 
to an aromatic ring. The spectrum 
of the namesake molecule of this 
class, phenol, is shown in Figure 4.

This spectrum is one of the 
busiest we have seen so far, and I 
included it not to confuse you, but 
to be real. As the molecules we study 
include more and more functional 
groups, their spectra will become 
more complicated and unfortunately 
more challenging to interpret. Con-
sider studying this spectrum good 
preparation for what is to come in 
future columns.

The OH stretch at 3345 and in-
plane bend at 1367 can be easily 
seen in Figure 4. This latter peak is 
in the same wavenumber range as 
methyl group umbrella modes; how-
ever, note that there are no methyl 
C-H stretches below 3000, and the 
1367 peak is too broad to be from 
a CH3 group. The largest peak be-
tween 1300 and 1000 is at 1231, and 
is assigned as the C-O stretch. In 
general, for phenols this peak falls 
between 1260 and 1200. Usually 
phenols can be distinguished from 
primary and secondary alcohols 
based on the position of their C-O 
stretch, and can often be distin-
guished from tertiary alcohols un-
less the C-O stretch falls from 1210 
to 1200. In Figure 4 this is the case, 
but we know this is not a saturated 

alcohol because of the lack of C-H 
stretches between 3000 and 2800.

We would expect the spectrum of 
phenol to have an OH wag at 650 ± 
50, but it is not obvious on an initial 
examination of Figure 4. However, 
if you look closely there is a broad 
envelope in this region with sharper 
benzene ring peaks on top of it. So 
the wag is there—it’s just hard to 
assign a peak position to it. This is 
often a problem for phenols, so be 
on the lookout for broad envelopes 
like this one at low wavenumber if 

you suspect a phenol is present in a 
sample.

Table II summarizes the peak po-
sitions for the various alcohols.

Distinguishing Alcohols 
from Water
The infrared spectrum of liquid 
water is shown in Figure 5. Both 
water and alcohols have an OH bond 
and thus have OH stretching peaks 
that are intense, broad, and fall in 
the same place around 3300. Be-
cause of this shared spectral feature, 

Table I: Peak assignments for the infrared 
spectrum of isopropyl alcohol

A 3349 O-H stretch

B
1379, 

1369
Split CH3 umbrella mode

C 1309 O-H in-plane bend

D 1129
C-C-O asymmetric 

stretch

E 952 CH3-C- CH3 stretch

F 817 C-C-O symmetric stretch

G 655 O-H out-of-plane bend
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the presence of an OH stretch in a spectrum is not diag-
nostic for the presence of an alcohol, only for the pres-
ence of an OH group. If you see an OH stretch then how 
can you distinguish the spectra of a pure alcohol, water, 
or a mixture of the two? The solution to this problem is 
Table III.

Note in Figure 5 that water has a scissors bending 
peak near 1630. This peak occurs because in water the 
oxygen has two hydrogens attached to it. By definition 
alcohols only have one O-H bond, and hence their spec-

tra will not exhibit this peak. Also remember that water 
is inorganic and does not have a C-O bond, thus it will 
not have the C-O stretching peak that the spectra of all 
alcohols exhibit. This is the information that was used 
to construct Table III, where the presence or absence of 
these peaks can be used to distinguish these three types 
of samples from each other. For example, pure water has 
an OH stretch and a scissors peak, but no C-O stretch. 
A pure alcohol has an OH stretch and no scissors peak, 
but does have a C-O stretching peak. Lastly, a mixture of 
an alcohol and water has an OH stretch, a scissors peak 
from the water present, and a C–O stretch because of the 
alcohol present. Water–alcohol mixtures are relatively 
common because some alcohols are hygroscopic and are 
readily soluble in water. A mnemonic for remembering 
Table III is that for pure water the pattern is yes yes no, 
for pure alcohols it is yes no yes, and for a mixture of the 
two it is yes yes yes. This table should allow you to dis-
tinguish these types of samples from each other.
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Figure 4: The infrared spectrum of phenol, C6H6O, measured as a capillary 
thin film.
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Summary
The spectra of alcohols and phe-
nols typically exhibit a large peak 
between 1300 and 1000 that can be 
assigned as the asymmetric C-C-O 
stretch (“C-O stretch”). For pri-
mary alcohols this peak falls from 
1075 to 1000, for secondary alco-
hols from 1150 to 1075, for tertiary 
alcohols from 1210 to 1100, and for 
phenols from 1260 to 1200. Thus 
the peak range for primary alcohols 
is unique and they are easily dis-
tinguished from all other second-
ary alcohols can be distinguished 
from primary alcohols but their 
C-O stretching has some overlap 
with tertiary alcohols, and phenols 
can usually be distinguished un-
less their C-O stretching peak falls 
between 1210 and 1200. Informa-
tion about alcohol C-O stretching 
peak positions is summarized in 
Table II. The spectra of water, pure 
alcohols, and their mixtures can be 
distinguished using the presence or 
absence of the water scissors peak 
at 1630 and the alcohol C-O stretch 
between 1300 and 1000, as detailed 
in Table II.
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Table II: The diagnostic infrared peak positions for alcohols

Substitution Pattern C-O Stretch O-H Stretch O-H Bends

All — 3350 ± 50 1350 ± 50, 650 ± 50

Primary 1075–1000 3350 ± 50 1350 ± 50, 650 ± 50

Secondary 1150–1075 3350 ± 50 1350 ± 50, 650 ± 50

Tertiary 1210–1100 3350 ± 50 1350 ± 50, 650 ± 50

Phenols 1260–1200 3350 ± 50 1350 ± 50, 650 ± 50

Table III: How to distinguish pure alcohols from water or a mixture of the two

Sample Contains O-H Stretch ~3400 O-H Scissors ~1630 C-O Stretch 1300–1000

Water Yes Yes No

Alcohol Yes No Yes

Both Yes Yes Yes
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A s a pioneer of femtochemistry, Nobel laureate 
Ahmed Hassan Zewail (1–3) recorded the snap-
shots of chemical reactions with sub-angstrom 

resolution through an ultrafast femtosecond transient 
absorption (TA) technique. In a transient absorption ex-
periment, a laser pulse pumps a molecule into an excited 
state. The excited state itself exhibits relaxation dynam-
ics on the femtosecond or picosecond timescale. A sec-
ond laser pulse then probes the population in the excited 
state at different temporal delays with respect to the exci-
tation. This analysis method reveals the dynamics of the 
excited state and is termed as pump–probe spectroscopy.

Pump–probe microscopy, also known as transient ab-
sorption microscopy, is an emerging nonlinear optical 
imaging technique that probes the excited state dynam-
ics, which is related to the third-order nonlinearity (3,4). 
Pump–probe microscopy is an attractive spectroscopic 
imaging technique with the following advantages: First, 
it is nondestructive to cells and tissues and can be per-
formed without tissue removal (5). Thus, it can be used 
as a repeatable diagnostic tool. Second, it is a label-free 
technique and doesn’t need an exogenous target (4). Third, 
as a nonlinear optical technique, pump–probe microscopy 
can image endogenous pigments with three dimensional 
(3-D) spatial resolution (6). Fourth, unlike linear absorp-
tion, which suffers from scattering in a tissue sample, 
the pump–probe technique only measures absorption at 

the focal plane, which offers optical sectioning capabil-
ity (6). Fifth, compared to scattering measurements, this 
absorption-based method has a weaker dependence on the 
particle and thus is highly sensitive to nanoscale subjects 
(8–11). Sixth, pump–probe microscopy with near-infra-
red laser pulses permits biological applications with an 
enhanced penetration depth and a lower level of tissue 
damage (12).

In 1990s, Dong and coworkers used pump–probe mi-
croscopy to measure f luorescence lifetime (13). In 2007, 
the Warren group reported pump–probe imaging with 
a high-frequency modulation scheme (14). Their work 
demonstrated the feasibility of imaging melanin by 
using two-color two-photon absorption (TPA) or excited 
state absorption (ESA) processes. Since then, extensive 
research has been conducted by harnessing the merits 
of pump–probe microscopy. A majority of the research 
focused on nonf luorescent chromophores such as he-
moglobin and cytochromes, which absorb light but do 
not emit f luorescence efficiently (15). Fu and colleagues 
used two-color absorption to measure the degree of oxy-
genation based on the different decay constants of de-
oxyhemoglobin and oxyhemoglobin (16). Pump–probe 
microscopy can eff iciently discern hemoglobin and 
melanin, the two major absorbers in a biological tissue. 
Based on their signatures from the time-resolved curves, 
hemoglobin shows a purely positive response because of 

Pu-Ting Dong and Ji-Xin Cheng

Excited-state dynamics provides an intrinsic molecular contrast of samples examined. These dynam-
ics can be monitored by pump–probe spectroscopy, which measures the change in transmission of 
a probe beam induced by a pump beam. With superior detection sensitivity, chemical specificity, 
and spatial–temporal resolution, pump–probe microscopy is an emerging tool for functional imag-
ing of nonfluorescent chromophores and nanomaterials. This article reviews the basic principles, 
instrumentation strategy, data analysis methods, and applications of pump–probe microscopy. A 
brief outlook is provided.

Pump–Probe Microscopy: Theory, 
Instrumentation, and Applications
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excited state absorption, whereas melanin (eumelanin 
and pheomelanin) demonstrate a negative (ground state 
bleaching) signal when the pump beam and probe beam 
spatially and temporally overlap (5). In addition, pump–
probe microscopy enables the discrimination of melano-
mas by determining the ratio between eumelanin and 
pheomelanin. Melanin play an important role in skin and 
hair pigmentation and melanomas (17). Without exter-
nal staining, pump–probe imaging yielded novel insight 
into the differentiation of eumelanin and pheomelanin 
among thin biopsy slices and has been used to probe the 
metastatic potential of melanocytic cutaneous melano-
mas (16). Besides applications to pigments in biological 
tissue, pump–probe microscopy has also been applied to 
distinguish various kinds of pigments in arts based on 
their decay differences (18–21).

Another significant application of pump–probe mi-
croscopy is for characterization of single nanostructures 
including gold nanorods (22) and single-wall nanotubes 
(SWNTs) (23–26). Specifically, Jung and coworkers for 
the first time deployed the phase of the pump–probe sig-
nal as a contrast to distinguish semiconducting carbon 
nanotubes from metallic ones (25). Tong and colleagues 
further used this contrast for imaging semiconducting 
and metallic nanotubes in living cells (26). By tuning the 
excitation wavelength, which is resonant with the lowest 
electronic transition in SWNTs, Huang and colleagues 
exploited the band-edge relaxation dynamics in isolated 
and bundled SWNTs (23). Through assembling SWNTs 
with CdS, Robel and colleagues demonstrated the charge-
transfer interaction between photoexcited CdS nanopar-
ticles and SWNTs by transient absorption (24).

In this review, we summarize the contrast mechanisms 
and instrumentation strategies of pump–probe micros-
copy and highlight some of these significant applica-
tions. Because of space limitations, we could not cover 
the entire literature and would recommend to the readers 
other excellent articles in this field (27–32).

Pump–Probe Theory
In a typica l pump–probe measurement, the pump-
induced intensity change of the probe is measured by 
a lock-in amplifier referenced to the modulated pump 
pulse. Then this change is normalized by the probe beam 
intensity to generate ΔIpr/Ipr (33). To express this process 
at molecular level, we define the absorption coefficient 
for an electronic transition between level “i” and level 
“ j” as

α
ij
(ω) = σ

ij
(ω) (N

i
–N

j
)   [1]

where σij(ω) is the cross section from electronic state i 
to j, and Ni and Nj are the populations of the initial and 
final states, respectively. Conventionally, α is positive for 
absorption and negative for gain (33).

The pump pulse acts on the sample by changing the 
energy level population, N→N + ΔN. As a consequence, 

Figure 1: Three major processes in a pump–probe experiment: (a) 
Excited state absorption, (b) stimulated emission, and (c) ground-
state depletion. For ground-state depletion, the number of the 
molecules in the ground state is decreased upon photoexcitation, 
consequently increasing the transmission of the probe pulse. For 
stimulated emission, photons in its excited state can be stimulated 
down to the ground state by an incident light field, thus leading to 
an increase of transmitted light intensity on the detector. In the case 
of excited-state absorption, the probe photons are absorbed by the 
excited molecules, promoting them to the higher energy levels.
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the population of excited states will 
increase at the expense of that of the 
ground state. Such change is mea-
sured by the probe beam:

α
ij
(ω)ΔN

j
d

ΔI
pr

I
pr

i,j
= ∑−   [2]

where d is the sample thickness. The 
expression is derived from the Lam-
bert-Beer relation within the small 
signal approximation. The “ j” term 
describes all possible excited states 
(33).

Depending on the probe energy, 
three ef fects on the transmit ted 
pulse can be observed: When the 
probe pulse is resonant with i→j 
transitions (i ≠ 0), then the probe 
pulse is absorbed by the molecule, 
reducing the transmission of the 
probe pulse. This negative ΔIpr/Ipr 

signal change is therefore called ex-
cited state absorption (ESA). When 
the probe pulse is resonant with 0→j 
transmission, the probe transmission 
is enhanced upon pump excitation. 
This positive ΔIpr/Ipr phenomenon is 
called ground-state depletion (GSD). 
When the lowest excited state is di-
pole-coupled to the ground state and 
the probe pulse is resonant with the 
transition, stimulated emission (SE) 
occurs. An increased transmission is 
observed in a SE process.

These three major processes are il-
lustrated in Figure 1. A detailed de-
scription is provided in the following 
sections.

Excited-State Absorption

Excited-state absorption (ESA) is 
a process where the probe photons 
are attenuated by excited states as 
shown in Figure 1. Since the 1970s, 
picosecond laser–based ESA mea-
surements have been extensively 
used to measure ground and excited-
state dynamics (34,35). Compared to 
two-photon absorption, which goes 
through a virtual intermediate state, 
excited-state absorption significantly 
enhances the detection sensitivity 
by bringing a resonance with a real 
intermediate electronic state. The 
mechanism for this process (36) can 
be described using the fol lowing 
equation:

Figure 3: Pump–probe microscopy with subdiffraction spatial resolution and single-molecule 
detection sensitivity. (a) Subdiffraction-limited imaging of graphite nanoplatelets. Image 
from conventional transient absorption microscopy (top left) and AFM image of graphite 
nanoplatelets (top right). Image from saturation transient absorption microscopy (bottom 
left) and intensity profiles along the lines indicated by the dashed lines in pump–probe image 
and STAM image (bottom right). Adapted with permission from reference 47. (b) Ground-
state depletion microscopy with detection sensitivity of single-molecule at room temperature. 
Ensemble absorption and emission spectra of Atto647N in pH = 7 aqueous solution (top).
The wavelengths of pump and probe beams are indicated. Ground-state depletion signal as 
a function of concentration of aqueous Atto647N solution (bottom). The power is 350 μW 
for each beam. The blue frame shows the points at lowest concentrations, indicating single-
molecule sensitivity is reachable. Figures adapted with permission from reference 40.
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Figure 2: Schematic illustration of pump–probe microscopy.
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Δt

τN
0
σ

pu
[σ′

pr
−σ

pr
]I

pu
I
pr

exp
dz

ℏν
pv

−ΔI
pr

= ∫
−( (  [3]

where N0 is the molecular concentration at ground state; 
σpr and σ′pr are the linear absorption cross sections of 
the ground state and excited states for the probe beam, 
respectively; νpu represents the pump frequency and 
τ is the lifetime of the excited state (assume this is a 
single-exponential decay); and Δt is the time delay be-
tween pump beam and probe beam. Ipu and Ipr denote the 
intensity of pump beam and probe beam, respectively. 
In the presence of a pump pulse, excited-state popula-
tion would give birth to the transmission changes of 
the probe. Equation 3 demonstrates that only at Δt = 0 
when the pump beam and probe beam are spatially and 
temporally overlaid can ΔIpr have the biggest value. As 
Δt becomes longer, ΔIpr depicts as an exponential decay 
curve convoluted with an instrumental response func-
tion that is a Gaussian function.

Stimulated Emission 

When interrogating the short-lived excited states in 
pump–probe experiments, the photons in the excited 
states are stimulated down to the ground state by a time-
delayed probe pulse as shown in Figure 1. This process is 
called stimulated emission (37). The absorption coefficient 
decreases with increasing excitation irradiance. The de-
crease in absorption happens due to the annihilation of 
the number densities of both the ground state and the state 
being excited, this process can be portrayed as equation 4:

Δt

τN
0
σ

pu
σ

pr
I
pu
I
pr

 exp
dz

ℏν
pv

−ΔI
pr

= ∫ −( (  [4]

From equation (4), we can tell at Δt = 0, strongest sig-
nal is achieved. As Δt becomes longer, the transmission 
change of probe also demonstrates an exponential decay 
curve convoluted with Gaussian function. Based on the 
stimulated emission, Min and colleagues achieved nano-
molar detection sensitivity of nonf luorescent chromo-
phores (37). The integrated intensity attenuation of the 
excitation beam can also be expressed as

ΔI
pu

I
pu

N
0
σ
01

S
10–7=− ∼   [5]

where S ~ 10-9 cm2 denotes the beam waist, and σ01 ~ 
10-16 cm2 represents the absorption cross section from 
ground state to the first electronic state. The stimulation 
beam will experience a transmission gain after interac-
tion with the molecules:

ΔI
pr

I
pr

N
0
σ
10

S
10–7=− ∼   [6]

−ΔI
pr 

∝
N
0
I
pu
I
pr

σ
10

σ
1

S2
   [7]

From equation 7, we can conclude that the stimulated 
emission process shows overall quadratic power depen-

Figure 4: Phasor analysis to interrogate pump–probe signal. 
Experimental transient absorption spectra of hemoglobin (Hb), sepia 
eumelanin, syhthetic pheomelanin, and surgical ink (top left). Phasor 
difference of mixtures of eumelanin and pheomelanin (eumelanin 
fraction of 75%, 50% and 25%) along with their phasor locations on 
the s-g coordinate (top right). Cumulative histogram phasor plot of 17 
ocular melanoma samples at frequency /2 THz (bottom left) and 1.4 
THz (bottom right). Adapted with permission from reference 54.
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dence, allowing three-dimensional 
optical sectioning. In addition, the 
linear dependence upon the concen-
tration of analyte allows for quanti-
tative analysis. The detected sensitiv-
ity would be down to 10-9 M if the 
incident irradiance of pump beam 
and probe beam are in the range of 
megawatt cm-2 (37). 

Ground-State Depletion 

Ground-state depletion (GSD) mi-
croscopy is a form of super-resolu-
tion light microscopy suggested al-
most a decade ago (38), and it was 
first demonstrated in 2007 (39). Sim-
ilar to stimulated emission, it pres-
ents as an out-phase signal (Figure 

1). The overall mechanism is consis-
tent with other transient absorption 
mechanisms. If expressed in equa-
tion form, the GSD process has the 
same expression as stimulated emis-
sion in equation 4. The only differ-
ence lies in the probe wavelength. 
For GSD, the probe is chosen close 
to the maximal absorption peak, 
whereas the probe beam in the case 
of stimulated emission is selected 
away from the absorption peak.

Based on ground-state depletion, 
single-molecule detection at room 
temperat u re  has  been ach ieved 
(40). Under the condition that both 
pump and probe beams (continu-
ous-wave lasers) were chosen close 

to near saturation intensity levels 
(350 μW at the focus for each beam), 
a shot noise l imited sensitivity is 
achieved. The detected sensitivity for 
Atto647N is 15 nM with 1s integra-
tion time. The order of modulation 
depth of the transmitted probe beam 
by a single molecule (Atto647N) is 
~10-7, which means we can still de-
modulate the signal from a lock-in 
amplifier. Based on the mechanism 
above, ground-state depletion mi-
croscopy could reach single-mole-
cule detection (40). The ground state 
depletion method could also be ap-
plied to localize f luorescence emis-
sion from f luorophores bound to the 
surface of a nanowire, thus making it 
possible to map out the structure of 
a nanowire (41). Zink and colleagues 
also showed how GSD microscopy 
can be applied to measure tubu-
lin modifications in epithelial cells 
(42). High sensitivity coupled with 
optical sectioning capability makes 
ground-state depletion microscopy 
an important emerging technique.

Instrumentation
A t y pica l  pu mp–probe imag ing 
setup is shown in Figure 2. An opti-
cal parametric oscillator pumped by 
a high-intensity mode-locked laser 
generates synchronous pump and 
probe pulse trains. The Ti:sapphire 
oscillator is split to separate pump 
and probe pulse trains. Temporal 
delay between the pump and probe 
pulses is achieved by guiding the 
pump beam through a computer-
controlled delay line. Pump beam 
i ntensit y  i s  modu lated w it h a n 
acousto-optic modulator (AOM), and 
the intensity of both beams is ad-
justed through the combination of a 
half-wave plate and polarizer. Subse-
quently, pump and probe beams are 
collinearly guided into the micro-
scope. After the interaction between 
the pump beam and the sample, the 
modulation is transferred to the un-
modulated probe beam. Computer-
controlled scanning galvo mirrors 
are used to scan the combined lasers 
in a raster scanning manner to cre-
ate microscopic images. The trans-
mitted light is collected by the oil 

Figure 5: Imaging nanomaterials by pump–probe microscopy. (a) TA imaging of graphene 
on glass coverslip. 0 stands for defects, 1 is single layer graphene, 2 is double layer, 3 is 
triple layer, respectively. Pump = 665 nm (1.10 mW) and probe = 820 nm (0.68 mW), 
respectively. Data adapted from reference 70. (b) Transient absorption image of DNA-SWNTs 
internalized by CHO cells after 24 h incubation. Gray, transmission of cells; green, S-SWNTs; 
red, M-SWNTs. Pump = 707 nm, probe = 885 nm. The laser power post-objective was 1 mW 
for the pump beam and 1.6 mW for the probe beam. Adapted with permission from reference 
26. (c) Decay-associated spectra of the triplet (red) and singlet (black) excitons of tetracene 
obtained by global analysis of the ensemble transient absorption spectra with the probe 
polarization to maximize triplet absorption. Data adapted from reference 75. (d) Pump–
probe microscopy decay kinetics following photoexcitation of a localized region in three 
different Si nanowires; NW1 (red) and NW2 (green) are intrinsic, and NW3 (blue) is n-type. 
Curves are fit to a tri-exponential decay. Inset shows the SEM image of three wires. Adapted 
with permission from reference 76. (e) 3D transient absorption microscopic images of gold 
nanodiamonds in living cells taken from eight successive focal planes with 1-μm step. Scale 
bar: 20 μm. Data adapted from reference 77. (f) Transient absorption trace from a single Ag 
nanocube from a sample with an average edge length of 35.5 ± 3.4 nm (left). The inset shows 
the Fourier transform of the modulated portion of the data. Ensemble transient absorption 
trace for the Ag nanocube sample (right). Inset gives a histogram of the measured periods 
from the single-particle experiments, red line is the distribution calculated from the size 
distribution of the sample. Adapted with permission from reference 78.

(a)

(b)

(c)

(d)

(e)

(f)

Delay time (ps)

Frequency (GHz)

0

0

∆
I

∆
A

 (
1
0

-3
)

∆
I/

lx
1
0
5 lS

(√
)l

2

550 650 750 850600 700

Wavelength (nm)

<100 ps

Singlet
2.0

1.0

0.0

–1.0

1.0

0.5

0.0

NW1 (i-Si)

NW2 (i-Si)

NW2

NW3

NW1

2 μm

2 μm

2 μm

NW3 (n-Si)

5 ns

Triplet

200 400 600

Pump-probe delay (ps)
800 1000 1200 1400

0 50 100

0

1

2

3

4

50 100 150 0

10
0

2

4

6

8

10

C
o

u
n

t

Period (ps)
2015 25

0.0

S
ig

n
a

l 
(n

o
rm

.)

0.5

1.0

50

Delay time (ps)

100 150

Delay = 0 ps

http://www.spectroscopyonline.com/


April 2017   Spectroscopy 32(4)  29www.spec t roscopyonl ine .com

condenser. Subsequently, the pump 
beam is spectrally filtered by an opti-
cal filter, and the transmitted probe 
intensity is detected by a photodiode. 
A phase-sensitive lock-in amplifier 
then demodulates the detected sig-
nal. Therefore, pump-induced trans-
mission changes of the sample versus 
time delay can be measured from the 
focus plane. This change over time 
delay shows different decay signa-
tures from different chemicals, thus 
offering the origin of the chemical 
contrast.

Generally speaking, lasers applied 
in pump–probe microscopy can be 
d iv ided into two t y pes:  systems 
working with relatively high pulse 
energy (5–100 nJ) and repetit ion 
rate of 1–5 kHz, and systems using 
a low pulse energy (0.5–10 nJ) and 
>1 MHz repetition rate (27). With 
appropriate detection schemes that 
involve multichannel detection on a 
shot-to-shot basis, the first type can 
achieve the signal detection sensitiv-
ity of ~10-5 units of absorbance over 
a broad wavelength range (27). Nev-
ertheless, the presence of multiple 
excited states under high excitation 
density conditions leads to singlet-
singlet annihilation (43). Therefore, 
this scheme is sensitive to artifacts. 
The second type with high repetition 
rates allows for averaging more laser 
shots per unit time. As a result, the 
detection sensitivity of ~10-6 units 
of absorbance can be achieved (28). 
By employing high-frequency (that 
is, megahertz) lock-in modulation, 
Hart land and coworkers detected 
signals from isolated single-walled 
carbon nanotubes with a sensitivity 
of ΔI/I ~ 5 × 10-7 (44). Moreover, in 
this scheme, the modulation pro-
vided by either an AOM or an elec-
tro-optic modulator (EOM) operates 
at a high frequency in the range of 
100 kHz to 10 MHz, where the noise 
approaches the shot noise limit. One 
possible drawback of such setups is 
their high probability of detecting 
the accumulation of long-lived spe-
cies, such as triplet or charge-sepa-
rated states (27).

When it comes to the detection 
of pump–probe signa l,  a phase-

sensitive lock-in amplifier is usually 
indispensably used to demodulate 
the probe signal. Sl ipchenko and 
colleagues reported a cost-effective 
tuned amplifier for frequency-selec-
tive amplification of the modulated 
signal. By choosing a pump beam of 
830 nm and a probe beam of 1050 
nm, the tuned amplifier can be used 
for pump–probe imaging of red 
blood cells. This lock-in free method 
improved the single-to-noise ratio by 
one order of magnitude compared to 
conventional detection based on a 
lock-in amplifier (45).

Spatial resolution is designated as 
the distance between two points of 
the sample that can be resolved in-
dividually according to the Rayleigh 
criteria. The lateral (r0) and axial (z0) 
resolutions are defined (46) as

0.61 t λ
NA

r
0

and=
2 t n t λ
(NA)2

z
0=  [8]

where λ is the wavelength, n is the 
refractive index of the medium and 
NA is the numerical aperture. By 
using spatia l ly control led satura-
tion of electronic absorption, dif-
fraction limit in far-f ield imaging 
of nonf luorescent species could be 
broken as shown in Figure 3a. Wang 
and colleagues designed a doughnut-
shaped laser beam to saturate the 
electronic transition in the periphery 
of the focal volume, thus introducing 
modulation only at the focal center. 
By raster scanning three collinearly 
aligned beams, high-speed subdif-
fraction-limited imaging of graphite 
nano-platelets was achieved (47).

Alternatively, Miyazak and col-
leagues (48) demonstrated the use 
of annular beams in pump–probe 
m ic roscopy to  i mprove  spat ia l 
resolution in the focal plane, since 
the point spread function (PSF) in 
pump–probe microscopy is 23% 
(43%) smaller than the diffraction-
limited spot size of the pump (probe) 
beam. The authors also used inten-
sity modulated cont inuous wave 
laser diodes in a balanced detection 
scheme to achieve subdif fraction 
resolution with shot-noise limited 
sensitivity (49,50).

Regarding the sensitivity, single-
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molecule detection can be achieved 
through pump–probe microscopy. 
Chong and coworkers conducted 
ground-state depletion microscopy 
and achieved a detection limit of 
15 nM with a 1-s integration time, 
which corresponds to 0.3 molecules 
in the probe volume, indicating the 
detection of a single-molecule ab-
sorption signal as shown in Figure 
3b (40). In their work, the sample was 
illuminated by two tightly focused 
laser beams where the pump beam 
and the probe beam have different 
wavelengths but both are within the 
molecular absorption band of the an-
alyzed sample. In this case, the pump 
beam only excites a molecule so that 
it only stays in its ground state, and, 
hence, photons from the probe beam 
can’t be absorbed. Fast on-off modu-
lation of a strong, saturating pump 
beam leads to the modulat ion of 
transmitted probe beam at the same 
modulation frequency.

Data Analysis Methods
Generally, two methods can be used 
to analyze a decay curve. The easier 
method is multiexponential fitting 
to get the decay constants. How-
ever, a drawback is that its accuracy 
is relatively low. The other method 
is called phasor analysis, a method 
that needs neither any assumptions 
regarding the physical model nor 
integration fitting to determine the 
lifetimes of multiexponential signals 
(51–53). When dealing with a long 
lifetime (~1 ns), another method that 
is based on phase information and 
modulation frequency can be used as 
is discussed below. 

Multiexponential Fitting 

Multiexponential fitting, as the name 
implies, fits the time-resolved curves 
with an exponential decay model. 
This method is easy to conduct and 
understand. The time-resolved in-
tensity is regarded as the conjugation 
between the instrumental response 
R(t) and the response from sample 
S(t):

R(t – t′)S(t′)dt′I(t)=∫   [9]

Table I: Applications of pump–probe microscopy

Authors Topic Application References

Muskens et al. Nanomaterial
Single metal 

nanoparticle
65

Davydova et al. Nanomaterial PtOEP crystal 66

Xia et al. Nanomaterial
Hot carrier dynamics 

in HfN and ZrN
67

Cui et al. Nanomaterial WSe2 68

Li et al. Nanomaterial
Graphene of different 

layers and defects
70

Gao et al. Nanomaterial 
Hot photon dynamics 

in graphene
61

Lauret et al.

Gao et al.

Koyama et al.

Ellingson et al.

Kang et al.

Nanomaterial SWNTs
60, 62, 63, 

73, 74

Jung et al.

Tong et al.
Nanomaterial

Phase of semiconductor-

SWNTs and metallic-

SWNTs

25, 26

Gao et al. Nanomaterial
Chirality grown 

of SWNTs
74

Wan et al. Nanomaterial
Singlet fi ssion 

of tetracene
75

Gabriel et al. Nanomaterial
Carrier motion in 

silicon nanowires
76

Chen et al. Nanomaterial
Nonfl uorescent 

nanodiamond
77

Hartland et al. Nanomaterial Silver nanocube 78

Lo et al. Nanomaterial Single CdTe nanowire 79

Mehl et al. Nanomaterial Single ZnO rods 80

Cabanillas et al. Nanomaterial
Optoelectronic 

semiconductor
33

Wong et al.

Polli et al.

Guo et al.

Yan et al.

Polymer Polymer blends
81, 83, 84, 

85

Guo et al.

Simpson et al.
Semiconducting 

materials
Perovskite fi lm 69, 82

Fu et al.

Min et al.
Hemoglobin

Deep-tissue imaging 

of blood vessels
36, 37

Fu et al.

Piletic et al.
Melanin

Differentiation 

between eumelanin 

and pheomelanin

5, 15, 87

Samineni et al. Historical pigments Lapis lazuli 19

Villafana et al. Historical pigments
Quinacridone red and 

ultramarine blue
20
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Suppose the t ime resolution of 
the detector is modeled by a Gauss-
ian function with a full width half 
maximum as σ:

( (t2

2 * σ
2

R(t) A
1
 exp= −   [10]

In this case, pump–probe decay is 
modeled by an exponential decay 
with decay constant τ:

( (t

τ
S(t) A

2
 exp= −   [11]

Then the convolution integral is

( (t

τ
σ2

2τ2
I(t) exp= 1−erf− ( (( (t*

* *

τ

τ

σ2

σ2
−  [12]

where erf (x) is the error function, 
a standard function in most mathe-
matical software packages. For single 
exponential decay, the mathematical 
equation for the time-resolved decay 
curve is

(I(t) = I
0
+A * exp 1−erf( (( (t*

* *

τ

τ

σ2

σ2
−(2* t * τσ2

*
*

τ22
−  [13]

where τ is the decay constant and 
I0 is the signal from background. 
A similar equation can be used for 
double exponential decay. After fit-
ting with this model, we obtain the 
real decay constant τ along with the 
laser pulse width σ.

Through the deconvolution ap-
proach, we could resolve the time 
consta nt  pu rely  f rom decay of 
chemica ls without the ef fect of 
laser response function. However, 
the drawback of this method is that 
it is sensitive to the initial input pa-
rameters, and therefore its accuracy 
is relatively low.

Phasor Analysis 

Phasor analysis is a method that 
translates the time-resolved decay 
curve into a single point at a given 
frequency in the phasor space. One 
of the most advantageous features 
of phasor analysis when applied to 
f luorescent-lifetime imaging mi-
croscopy (FLIM) (52,53) is that it 
has the capability to quantitatively 
resolve a mixture of f luorophores 
with dif ferent l i fet imes. Phasors 
from those mixtures display l in-
early across the phasor plot (54). 

For the f irst time, Fereidouni and 
colleagues proved spectral phasor 
analysis was powerful for the analy-
sis of the f luorescence spectrum at 
each pixel (55,56). Fu and colleagues 
further applied this analysis method 
to hyperspectral stimulated Raman 
scattering data. It allows the fast and 
reliable cellular organelle segmen-
tation of mammalian cel ls, with-
out any a priori knowledge of their 
composition or basis spectra (57).The 
basic mechanism for this method is 
described through mapping the real 
parts of the signal against the imag-
inary parts of the signal after Fou-
rier transform of the time-resolved 
curve:

g(ω)
∫∣I(t)∣dt

=
I(t) cos (ωt) dt∫

  [14]

s(ω)
∫∣I(t)∣dt

=
I(t) sin (ωt) dt∫

  [15]

Any multicomponent signal can be 
described as

I
tot

(t)
i

∑f
i
I
i
(t)=    [16]

where fi is the fraction of each inde-
pendent species contributing to the 
total signal:

g
tot

i

∑f
i
t g

i
t=

∫∣I
i
(t)∣dt

∫∣I
tot

(t)∣dt
  [17]

By plotting g(ω) against s(ω) at a 
given frequency, we can map the dis-
tribution of different chromophores 
with distinct lifetimes in the semi-
circle coordinate. Here ω is a free 
parameter depending on the separa-
tion efficiency. Robles and colleagues 
demonstrated its capability to dis-
criminate eumelanin, pheomelanin, 
and ink by phasor analysis as shown 
in Figure 4 (54).

The phasor representation of life-
time images has become popular be-
cause it provides an intuitive graphi-
cal view of the f luorescence lifetime 
content without any prior knowl-
edge. Meanwhile, it signif icant ly 
improves the overall signal-to-noise 
ratio when used for global analysis. 
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Besides that, the region of interest 
selected in the phasor plot can be 
mapped back to its corresponding 
image to realize segmentation (56).

Frequency Domain Approach 

The frequency domain approach is 
more suitable for long-lived excited 
state. In this method, the lifetime 
information is extracted through a 
phase-sensitive detection. A simple 
model tan ϕ = ω * τ is applied to 
calculate the lifetime on the basis 
of phase change corresponding to 
d i f ferent modulat ion f requency. 
W hen a modu lated pu mp bea m 
I1(t) = I1(1+cos ωt) is incident on the 
sample, the excited state population 
is given by Miyazaki and colleagues 
(58) in the following equation:

σ
1
 I
1

hν
1
s

P(t) {A(ω) cos [ωt+ϕ(ω)]+1}=  [18]

where 

1

1+(ω * τ)2
A(ω) =   [19]

ϕ(ω) tan–1(ω * τ)=   [20]

Here, σ1 is the absorption cross 
section, ν1is the frequency of the 
pump, h is the Planck constant, s 
is the beam waist area at the focal 
point, ϕ is the phase calculated from 
the x and y channel signals, and τ 
is the excited-state lifetime. In the 
case of a long excited-state lifetime, 
equation 20 suggests an ef f icient 
method: tan ϕ = ω * τ. This equation 
demonstrates the l inear relation-
ship between tan ϕ and modulation 
frequency ω and the corresponding 
phase images. The slope of this equa-
tion yields the lifetime of the excited 
state. It is worth noting that because 

of the relatively larger shot noise 
at lower modulation frequency, the 
standard deviation is very high (59).

Applications of 
Pump–Probe Microscopy
With its superior detection sensitiv-
ity, chemical specificity and spatial-
temporal resolution, pump–probe 
microscopy has been used to study 
pigmentation (14), microvasculature 
(14), ultrafast relaxation in SWNTs 
(23–26,60–63), single semiconductor 
and metal nanostructures (64,65), 
and other nanomaterials (66–69). 
Table I summarizes representative 
applications in various areas. These 
applications are reviewed in more de-
tail in the following sections.

Semiconducting 

Nanomaterials and Graphene 

Pump–probe microscopy provides a 
vivid image of graphene with high 
sensitivity. Muskens and colleagues 
have demonstrated the study of a sin-
gle metal nanoparticle by combining a 
high-sensitivity femtosecond pump–
probe setup with a spatial modula-
tion microscope (65). Besides metal 
nanoparticles, Zhang and colleagues 
also imaged graphene with single-
layer sensitivity through transient 
absorption, whereas other techniques 
such as high-resolution transmis-
sion electron microscopy, scanning 
electron microscopy, and scanning 
tunneling microscopy proved to be 
cumbersome in sample preparation 
(70). In their work, they achieved 
high speed (2 μs/pixel) imaging of 
graphene on various substrates under 
ambient condition and even in living 
cells and animals. Interestingly, the 
intensity of the transient absorption 
images is found to linearly increase 
with the number of layers of gra-
phene. In Figure 5a, in the TA image 
of graphene, we can clearly observe 
the location of graphene defects and 
that of different layers. It only takes 
a few seconds to acquire a TA image 
of graphene. In addition, with poly-
ethylene glycol used to functionalize 
graphene oxide, these well-dispersed 
particles have shown the capability 
for in vitro and ex vivo imaging in 

Figure 6: Imaging microvascular and melanomas by pump–probe microscopy: (a) Pump–probe 
microscopy is applied to differentiate oxyhemoglobin and deoxyhemoglobin. ESA signal from 
oxyhemoglobin and deoxyhemoglobin with pump = 810 nm (10 mW) and probe = 740 nm 
(6.4 mW) (left). ESA signal from oxyhemoglobin and deoxyhemoglobin with pump = 740 
nm (2.4 mW) and probe = 810 nm (10 mW) (right). Adapted with permission from reference 
36 (copyright 2008 Society of Photo-Optical Instruction Engineers). (b) Ex vivo imaging of 
microvasculature network of a mouse ear based on endogenous hemoglobin contrast. Red, 
blood vessel network; green, surrounding sebaceous glands. Pump = 830 nm (~20 mW, two-
photon excitation of Soret band), probe = 600 nm (~3 mW, one-photon stimulated emission 
of Q-band of hemoglobin). Adapted with permission from reference 37. (c) Pump-probe image 
of a compound nevus at 0-fs (left) and 300-fs (right) interpulse delay (top). Regions containing 
eumelanin have positive signal (red/orange). Pump–probe time delay traces comparing tissue 
regions of interest 1 and 2 (white boxes in top) with pure solution melanins (bottom). The first 
three principal components found in tissue pump–probe signals (loadings plot, right). The first 
two components account for more than 98% of the variance. Pump = 720 nm, probe = 810 nm. 
Scale bar = 100 μm. Adapted with permission from reference 6. 
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Chinese hamster ovary (CHO) cells 
(70).

Pump–probe microscopy is also 
exploited to study SWNTs. Carbon 
nanotubes, especia l ly single-wal l 
carbon nanotubes, have attracted 
much attention in the last two de-
cades (71,72). The excellent prop-
erties of SWNTs in thermal con-
ductivity, electronics, optics, and 
mechanics make them appealing. 
Pump–probe microscopy has proved 
to be a powerful tool to explore the 
intrinsic photochemical properties of 
single-wall carbon nanotubes. Accu-
rate detection of carrier dynamics in 
these nanostructures is essential for 
understanding and developing their 
optoelectronic properties. Lauret 
and colleagues reported for the first 
time the time-resolved study of car-
rier dynamics in single-wall carbon 
nanotubes by means of two-color 
pump–probe experiments under reso-
nant excitation with a selective injec-
tion of energy in the semiconducting 
nanotubes (73). Jung and colleagues 
for the first time exploited the phase 
of the pump–probe signal as a con-

trast to study SWNTs (25). Later Tong 
and coworkers showed that transient 
absorption microscopy offers a label-
free approach to image both semicon-
ducting and metallic SWNTs in vitro 
and in vivo in real time with submi-
crometer resolution, by choosing ap-
propriate near-infrared wavelengths 
(26). Semiconducting and metallic 
SWNTs exhibit transient absorption 
signals with opposite phases. Figure 
5b shows the transient absorption 
image of DNA-SWNTs internalized 
by CHO cells, where gray represents 
the transmission image. The differ-
ent colors in the image result from 
different phases representing two 
dif ferent k inds of SWNTs: green 
represents semiconducting SWNTs 
and red represents metallic SWNTs. 
Gao and colleagues reported tran-
sient absorption microscopy experi-
ments on individual semiconducting 
SWNTs with known chirality grown 
by chemical vapor deposition (CVD) 
with diffraction-limited spatial reso-
lution and subpicosecond temporal 
resolution (74)].

Pump–probe microscopy has also 

Figure 7: Imaging artistic pigments by pump probe microscopy: (a) Transient absorption images of 
synthetic ultramarine in acrylic (golden artist colors GMSA 400, top) and lapis lazuli in casein (Kremer 
pigments 10530, bottom) and the corresponding pump-probe delay traces in the indicated region of 
interest (white rectangle) where the line indicates double-exponential fits. Scalar bar = 100 μm. S/N 
= 100. Adapted with permission from reference 19 (copyright 2012 Optical Society of America). (b) 
Graphs showing pump probe dynamics in test samples with the pigments lapis lazuli, vermilion, caput 
mortuum, quinacridone, phthaloblue, and indigo. Adapted with permission from reference 21.
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been extensively applied to study 
nanoparticles and nanowires. Figure 
5c presents visualization of singlet 
fission by observing the decay-asso-
ciated spectra of the triplet (red) and 
singlet (green) excitons of tetracene. 
The curves in Figure 5c were ob-
tained by global analysis of the en-
semble transient absorption spectra 
(75). As shown in Figure 5d, pump–
probe microscopy has been used to 
demonstrate the spatial kinetics of 
silicon nanowires (76). In addition, 
nanodiamonds and nanocubes are of 
great interest to researchers. Figure 5e 
demonstrates 3D transient absorption 
microscopic images of gold nanodi-
monds in living cells (77). Figure 5f 
shows a fast decay of silver nanocubes 
resulting from electron-phonon cou-
pling and subsequent modulations 
from the coherently excited breath-
ing mode (78).

Pump–probe microscopy exam-
ines intrinsic excited state dynam-
ics of semiconductors. Lo and col-
leag ues demonst rated t ra nsient 
absorption measurements on single 
CdTe nanowires, and they showed 
for the first time that acoustic pho-
non modes were fast because of the 
efficient charge carrier trapping at a 
lower excitation intensity (79). Mehl 
and coworkers (80) reported pump–
probe microscopy of the individual 
behaviors of single ZnO rods at dif-
ferent spatial locations. Dramatically 
different recombination dynamics 
were observed in the narrow tips 
compared with dynamics in the in-
terior. Cabanillas-Gonzalez and col-
leagues (33) highlighted the contribu-
tion of pump–probe spectroscopy to 
the understanding of the elementary 
processes taking place in organic 
based optoelectronic devices. They 
further illustrated three fundamen-
tal processes (optical gain, charge 
photo-generation and charge trans-
port). This work opens new perspec-
tives for assessing the role of short-
lived excited states on organic device 
operation. Polli and coworkers devel-
oped a new instrument approach by 
combining broadband femtosecond 
pump–probe spectroscopy and con-
focal microscopy, enabling simulta-

neously high temporal and spatial 
resolution (81). Guo and colleagues 
(82) reported spatially and temporally 
resolved measurements of perovskite 
by ultrafast microscopy. This work 
underscores the importance of the 
local morphology and establishes an 
important first step toward discern-
ing the underlying transport proper-
ties of perovskite materials.
Pump–probe microscopy also pro-
vides new insight into the properties 
of polymer blends by directly access-
ing the dynamics at the interfacing 
between different materials (83).Guo 
and colleagues (84) elucidated the 
exciton structure, the dynamics, and 
the charge generation in the solution 
phase aggregate of a low-bandgap 
donor-acceptor polymer by transient 
absorption. The technique enables 
important applications in control-
ling morphology. Using ultrafast mi-
croscopy, Yan and colleagues proved 
that adding an amorphous content to 
highly crystalline polymer nanowire 
solar cells could increase the perfor-
mance (85).

Heme-Containing 

Proteins and Melanins 

Responsible for transporting oxygen, 
hemoglobin is a metalloprotein in 
the red blood cells of vertebrates. It is 
an assembly of four globular protein 
subunits. Each subunit is composed 
of a protein tightly associated with a 
heme group. A heme group consists of 
an iron ion in a porphyrin. It is well 
known that the heme group portrays 
strong absorption yet weak f luores-
cence. These properties make label-
free pump–probe microscopy imag-
ing of hemoglobin an ideal approach. 
Fu and colleagues (36) demonstrated 
label-free deep tissue imaging of mi-
crovessels in nude mouse ear. They 
chose a pump beam of 775 nm and a 
probe beam of 650 nm, and success-
fully harvested two-color TPA im-
ages of microvasculature at different 
depths with a penetration depth of 
~70 μm. In their following-up study, 
they chose a longer probe beam of 
810 nm to differentiate oxyhemoglo-
bin and deoxyhemoglobin as shown 
in Figure 6a. Beyond two-photon ab-

sorption, other procedures can also 
be applied to observe microvessels. 
Min and colleagues conducted stim-
ulated emission imaging of micro-
vasculature network in a mouse ear 
based on the endogenous hemoglobin 
contrast by choosing the pump beam 
as 830 nm (two-photon excitation of 
Soret band) and probe beam as 600 
nm (one-photon stimulated emission 
of Q-band) (see Figure 6b) (37).

Pump–probe microscopy could 
also be used to differentiate different 
melanins. Melanins generally come 
in two polymeric forms: eumela-
nin (black) and pheomelanin (red/
brown). Their biosynthetic pathways 
involve the oxidation of tyrosine lead-
ing to the formation of indoles and 
benzothiazines (87). Pheomelanin is 
reddish yellow, and it exhibits photo-
toxic and pro-oxidant behavior (88). 
Eumelanin is a brown–black pig-
ment that is substantially increased 
in melanoma. Therefore imaging the 
microscopic distribution of eumela-
nin and pheomelanin could be used 
to separate melanomas from benign 
nevi in a highly sensitive manner 
(16). The differences of the signals 
of these two different melanins are 
shown in Figure 6c. Eumelanin has 
an abrupt positive absorption corre-
sponding to excited-state absorption 
or two-photon absorption, the same 
as hemoglobin, whereas pheomela-
nin gives a negative bleaching signal 
in Figure 6c. Their difference arises 
from stimulated emission or ground-
state bleaching, respectively (6).

Historical Pigments 

Pump–probe microscopy could be 
further exploited to identify pig-
ments in historic artworks. The ap-
proach could extract molecular in-
formation with high resolution in 3D 
making it attractive in this applica-
tion, since accurate identification is 
of great value for authentication and 
restoration (19–21). Villafana and col-
leagues studied the layer structure of 
a painting by femtosecond pump–
probe microscopy, since the variety 
of pigments in the artist’s palate is 
enormous compared with the biologi-
cal pigments present in skin (20). This 
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is a great approach to extract micro-
scopic information for a broad range 
of cultural heritage applications. 
Samineni and colleagues (19) were the 
first to conduct a pump–probe study 
of lapis lazuli, a semi-precious rock, 
by analyzing the multiexponential 
decay behavior as shown in Figures 
7a and 7b. The ratio of amplitude for 
short decay constant to that of long 
decay constant for the synthetic ul-
tramarine pigment is 6.6 ± 0.35, while 
that for natural lapis lazuli is 2.5 ± 
0.05. Thus, they readily could be dis-
tinguished.

Outlook
Looking into the future, we predict 
the following advancements of this 
emerging technology. First, compact 
and low-cost pump–probe micros-
copy wil l be developed and made 
commercially available for broad use 
of this technique by nonexperts. Sec-
ond, handheld pump–probe imaging 
system will be developed to assist 
precision surgery in the clinic. Third, 
important applications of pump–
probe microscopy will be identified, 
in which the decay kinetics are used 
to study cellular development and 
disease stage. These advances will 
make pump–probe microscopy an 
important member of the nonlin-
ear optical microscopy family with 
broad use in biology, medicine, and 
materials science.
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In pharmaceutical process and quality control it is often highly 
desirable to perform rapid quantitative volumetric analysis of 
tablet and capsule content by intact and noninvasive means 

without any sample preparation. In this area, transmission near-
infrared (NIR) absorption spectroscopy established itself in the 
last two decades as an effective analytical tool. However, its wider 
spread is being restricted in part by its limited chemical speci-
ficity. This restriction can be lifted in a number of applications 
by a more recently introduced alternative technique, transmis-
sion Raman spectroscopy (TRS). TRS has been demonstrated 
to provide much higher chemical specificity, which is beneficial 
particularly in situations involving more-complex formulations. 
This type of measurement can be accomplished typically with 
acquisition times of seconds.  The ability of the technique to pro-
vide well-defined Raman bands easily attributable to individual 
sample components also aids data interpretation and facilitates 
means for clearer communication of results to regulatory bodies. 
Additional advantages of TRS include the ability to probe sam-
ples in the presence of water, making the technique also suitable 
for analyzing slurries and suspensions in aqueous environments 
(1). On the other hand, the technique can suffer from the inability 
to probe samples exhibiting excessively high levels of fluores-
cence; however, this issue can be mitigated by using long laser 
excitation wavelengths—for example, 830 nm—to minimize the 
likelihood of electronically exciting fluorophores, which could 
potentially give rise to excessively high baseline noise within the 
region of the Raman spectra. Highly absorbing samples at the 

laser excitation wavelength or Raman emission spectral region 
(typically ~800–1000 nm) are also inaccessible by this technique 
although this situation is rather uncommon in drug-product 
analysis. Excessive heating and thermal damage (burning) could 
potentially occur with absorbing samples but this heating can 
be mitigated by using an expanded laser illumination beam (for 
example 4–8 mm diameter).

Conventional Raman spectroscopy is traditionally performed 
in backscattering geometry where the Raman signal is collected 
from within the laser-illuminated zone on the sample’s surface. 
This configuration is unable to probe the entire volume of phar-
maceutical tablets or capsules, limiting its use to characterizing 
near-surface regions of sample around the illumination–collec-
tion zone (2,3) (so called subsampling), in the absence of coatings 
or capsules. The advent of TRS, a variant of Raman spectros-
copy, where the sample is illuminated over an extended zone 
on one side and signal collected from the other (see Figure 1), 
has radically reduced this issue because laser photons propa-
gate via diffusion through the entire body of the sample to be 
detected on the other side, and, as such, the generated Raman 
signal conveys information on its volumetric content, although 
some comparatively small bias toward the center of the tablet and 
away from sample edges remains (4–6), similar to transmission 
near-infrared absorption spectroscopy (7). 

The transmission Raman concept was demonstrated in the 
very early days of Raman spectroscopy (8), but until relatively 
recently its properties and benefits for the noninvasive probing 
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of the volumetric content of pharmaceu-
tical samples highlighted in the study 
of Matousek and Parker (4) followed by 
other pioneering work (9–11) had not been 
recognized and exploited in pharmaceu-
tical analysis. The fundamental concept, 
related methodologies, and early develop-
ments of the TRS technique for pharma-
ceutical analysis is covered in detail in an 
earlier review (1). Here we focus primarily 
on more-recent advances of the technique 
and its applications in pharmaceutical 
analysis over the past 5 years. 

API Quantification 
Early proof-of-concept TRS quantifica-
tion studies (9–11), using less challenging 
formulations, were followed quickly by 
more-advanced applications involving 
more-complex formulations and exploit-
ing a wider range of sample types, which 
expanded the boundaries of the tech-
nique’s capability and widened its appli-
cation space (1). In this area, Lee and col-
leagues (12) demonstrated that TRS can 
be successfully applied to the analysis of 
pharmaceutical formulations in capsules 
of different colors benefiting from re-
duced fluorescence background interfer-
ence from the capsules themselves (13) 
compared to conventional back-scattering 
measurements. The team demonstrated 
that a single calibration model developed 
from samples held in glass vials could be 
used to determine active pharmaceutical 
ingredient (API) concentrations of for-
mulations contained in capsules of dif-
ferent colors, thus avoiding the laborious 
step of constructing individual models 
for each capsule color. This benefit was 
shown by collecting TRS spectra of bi-
nary mixtures of ambroxol and lactose in 
a glass vial and developing a partial least 
squares (PLS) model for the determina-
tion of ambroxol concentration on this 

set. This model was then directly applied 
to determining ambroxol concentrations 
of samples contained in capsules of four 
colors (blue, green, white, and yellow). Al-
though the prediction performance was 
slightly degraded when the samples were 
placed in blue or green capsules because 
of the presence of residual fluorescence, 
accurate determination of ambroxol was 
generally achieved in all cases. The predic-
tion accuracy was also investigated when 
the thickness of the capsule was varied.

Griffen and colleagues (14) demon-
strated that TRS is a viable tool for content 
uniformity testing of all the constituents 
of a complex formulation consisting of five 
components (three APIs and two excipi-
ents). The nominal concentration of indi-
vidual components in this study ranged 
from 1 to 85% (w/w). The calibration set 
consisted of 40 tablets and the developed 
PLS model then successfully predicted 
all the components in a set of 10 valida-
tion tablets covering five sample points. A 
single PLS model for all components and 
five individual models each optimized for 
one component performed similarly and 
has been used to demonstrate that speci-
ficity and robustness of prediction can be 
achieved through using a robust multifac-
tor orthogonal design-of-experiments ap-
proach for calibration samples. The ability 
to determine multiple analyte concentra-
tions in a single measurement highlights 
the potential of TRS for assay and content 
uniformity testing.

To enhance TRS signals and permit 
further reduction of acquisition times, 
Griffen and colleagues (15) employed a 
photon-beam enhancing element (16) be-
fore the laser illumination zone to prevent 
loss of laser radiation from the sample. 
The study used a five-component formu-
lation. The photon enhancing element 
permitted improved speed of acquisition 

by an order of magnitude compared with 
conventional TRS measurements. The 
three APIs and two excipients were used 
with nominal concentrations ranging 
between 0.4 and 89%. Acquisition times 
as short as 0.01 s per tablet were reached 
with acceptable performance for all the 
sample components. Results suggest that 
even faster sampling speeds could be 
achieved for components with stronger 
Raman scattering cross sections or with 
higher laser powers. This major improve-
ment in speed of quantification opens 
exciting prospects for high-throughput 
TRS in-line analysis in quality control 
applications within a batch or continuous 
manufacturing process.

Peeters and colleagues (17) attempted 
to apply TRS and NIR spectroscopy to 
the prediction of physical properties of 
pharmaceutical tablets (as opposed to 
chemical characterization). Granules 
were produced on a continuous line by 
varying granulation parameters. Tablet-
ing process parameters were adjusted to 
obtain uniform tablet weight and thick-
ness. PLS regression was used to correlate 
spectral information to tablet physical 
properties (friability, tensile strength, 
porosity, and disintegration time), but, 
in this study, no predictive models could 
be established, which indicated the in-
sensitivity of the methods to these physi-
cal properties of sample. This result is in 
contrast with some earlier studies where 
such physical properties could be detected 
in TRS and other data (17). This differ-
ence is tentatively attributed to the fact 
that the previous studies used tablets of 
varying thickness, whereas in this study 
the tablet thickness was kept constant (4 
mm), suggesting that perhaps tablet thick-
ness variations could be responsible for 
the earlier observed sensitivity to physi-
cal properties of tablets. This hypothesis 
was not confirmed. Principal component 
analysis (PCA) was effectively used to 
distinguish theophylline concentrations 
and hydration levels and multiple linear 
regression (MLR) analysis provided in-
sight about how granulation parameters 
affect granule and tablet properties. All 
the spectroscopic methods revealed a 
similar prediction performance with an 
RMSEP around 1%.

Li and colleagues (18) described the 
development and validation of a TRS 

Figure 1: Schematic diagram of conventional and transmission Raman spectroscopy.
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method using the ICH-Q2 guidance as a 
template. Niacinamide content in tablet 
cores was determined in this study. The 
resultant model statistics were evaluated 
along with the linearity, accuracy, preci-
sion and robustness. Method specificity 
was demonstrated by accurate determi-
nation of niacinamide in the presence of 
niacin (an expected related substance). 
The method was demonstrated as fit for 
purpose with added benefit of very short 
analysis times (~2.5 s per tablet). The re-
sulting method was used for routine con-
tent uniformity analysis of single dosage 
units in a stability study.

Bilayer Tablets
Zhang and colleagues (19) applied TRS 
to the quantification of bilayer tablets. 
This area has so far received only cur-
sory attention and represents an unusu-
ally challenging situation. A variety of 
tablet configurations were examined in 
this study. A complex spectral response 
was observed and was effectively mod-
eled using a modified Schrader, Kubelka-
Munk model in which both the Raman 

photon generation factor and photon 
losses were accounted for. Coupling the 
results of these studies together yields a 
comprehensive approach for modeling 
multicomponent bilayer tablets. The ad-
dition of a photon-beam enhancer on the 
bottom (illumination) surface allowed for 
a selective over-enhancement of the bot-
tom layer, which aided the analysis of thin 
layers or coatings.

Quantification of Polymorphs in 
Pharmaceutical Formulations
Polymorphs are very important in phar-
maceutical manufacturing because they 
determine physiological dissolution rates 
and their control is therefore often criti-
cal. In vibrational spectroscopy, poly-
morphic forms are best represented by 
low-wavenumber vibrational (phonon) 
modes accessible directly by Raman or 
terahertz spectroscopy. Following an 
early demonstration of TRS capability 
in this area by Aina and colleagues (20) 
to quantify polymorphic content of a bi-
nary pharmaceutical formulation, more 
studies have emerged in this area, setting 

a clear and important niche for TRS not 
deliverable by high performance liquid 
chromatography (HPLC) (where a dis-
solution step destroys such information) 
and accessible only partially by NIR, 
which cannot access phonon modes 
directly but can sense polymorphs by 
leveraging changes in overtone and 
combination bands if such changes are 
sufficiently pronounced. X-ray diffrac-
tion (XRD) is a workhorse here but it 
also suffers from limited sensitivity 
and inability to probe the entire sample 
depth effectively. The availability of the 
low-wavenumber region simultaneously 
with the fingerprint region in TRS pro-
vides a distinct advantage to TRS over 
terahertz spectroscopy where only low-
wavenumber bands are detected, which 
therefore enables more straightforward 
assignment and interpretation of data. 
Other alternative methods, such as 
nuclear magnetic resonance (NMR) or 
differential scanning calorimetry, suf-
fer from limited sensitivity, need sample 
preparation, or require long data acqui-
sition times. 
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The first demonstration of TRS for the 
analysis for polymorphic systems was per-
formed on a binary mixture by Aina and 
colleagues (20). The study was followed by 
McGoverin’s (21) research performing the 
quantification of polymorphs in more-
complex dosage forms. The efficacy of 
TRS measurements for the prediction of 
polymorph content was evaluated using a 
ranitidine hydrochloride test system. Four 
groups of ranitidine hydrochloride–based 
samples were prepared: three containing 
form I and II ranitidine hydrochloride 
and microcrystalline cellulose (spanning 
the ranges 0–10%, 90–100%, and 0–100% 
form I fraction of total ranitidine hydro-
chloride), and a fourth group consist-
ing of a form I ranitidine hydrochloride 
(0–10%)-spiked commercial formulation. 
Transmission and conventional Raman 
spectroscopic measurements were re-
corded from both capsules and tablets of 
the four sample groups. Prediction mod-
els for polymorph and total ranitidine hy-
drochloride content were more accurate 
for the tablet than for the capsule systems. 
TRS was found to be superior to conven-
tional backscattering Raman spectros-
copy for the prediction of polymorph and 
total ranitidine hydrochloride content. 

Hennigan and Ryder (22) also carried 
out a study in which they generated a 
model tablet system with two excipients 
at 10% API concentration. The API was 
a mixture of the FII and FIII polymorphs 
of piracetam. The formulation was char-
acterized using TRS, conventional back-
scattering Raman spectroscopy, and NIR 
spectroscopy. The team demonstrated 
that it is possible to detect FII polymorph 
contamination in these model tablets with 
limits of detection (LODs) of 0.6 and 0.7%, 
respectively, with respect to the total tablet 
weight (or ~6–7% of the API content). The 
TRS method was shown to be the supe-
rior method because of its higher speed of 
analysis (~6 s per sample), better sampling 
statistics, and the availability of sharper, 
more-resolved bands in the Raman spec-
tra, which enable easier interpretation of 
the spectral data. An additional benefit 
highlighted was the direct access of TRS 
to the low-frequency (phonon) wavenum-
ber region.

The sensitivity of TRS was further 
enhanced in a study by Griffen and col-
leagues (23), who performed a proof of 

concept study using a commercial TRS 
instrument with an excitation wave-
length of 830 nm, demonstrating the ap-
plication of TRS to the noninvasive and 
nondestructive quantification of low levels 
(0.62–1.32% w/w) of an active pharmaceu-
tical ingredient’s polymorphic forms in a 
pharmaceutical formulation. PLS calibra-
tion models were validated with indepen-
dent validation samples resulting in root 
mean square error of prediction (RMSEP) 
values of 0.03–0.05% w/w and a limit of 
detection of 0.1–0.2% w/w. The study also 
demonstrated the ability of TRS to quan-
tify all tablet constituents in a single mea-
surement. The team also performed TRS 
analysis on degraded stability samples for 
which transformation between polymor-
phic forms was observed while excipient 
levels remained constant. Additionally, 
the authors demonstrated a dramatically 
enhanced collection speed for TRS mea-
surements by deploying a beam enhanc-
ing element that permitted comparable 
prediction performance at 60 times faster 
rates (for example, 0.2 s per measurement) 
than in standard mode. 

Vigh and colleagues (24) applied TRS 
to the estimation of degraded drug per-
centage, residual drug crystallinity, and 
glass-transition temperature in the con-
text of melt-extrusion. Tight correlation 
was shown to exist between the results 
obtained by confocal Raman mapping 
and TRS. The investigation of the rela-
tionship between process parameters, re-
sidual drug crystallinity, and degradation 
was performed using statistical tools and 
a factorial experimental design defining 
54 different circumstances for the prepa-
ration of solid dispersions. Drug content, 
temperature, and residence time were 
found to have a significant and consider-
able effect on the examined factors. By 
forming physically stable homogeneous 
dispersions, the originally very slow dis-
solution of the components was improved, 
making 3-min release possible in acidic 
medium.

Determination of Crystalline 
Content in Amorphous 
Formulations
Kumar and colleagues (25) investigated 
the applicability of TRS to characterizing 
the residual crystallinity in an amorphous 
material. Amorphous materials are some-

time used to enhance oral bioavailability 
of poorly water-soluble drugs. However, 
amorphous forms are thermodynami-
cally driven to crystallize to the less sol-
uble forms during processing or storage. 
Sensitive quantitation of crystallinity is 
therefore critical in process control and 
in monitoring the stability and bioavail-
ability of amorphous drug product. The 
study compared TRS with X-ray powder 
diffraction and solid-state NMR spectros-
copy (ssNMR) approaches to quantifica-
tion of low levels of crystalline material 
in an amorphous spray-dried dispersion 
with a moderate 20% drug load. TRS was 
demonstrated as a viable alternative for 
detecting and quantifying the crystalline 
form of an API in an amorphous solid 
dispersion. It was shown that TRS has 
better sensitivity compared to the other 
techniques with an added benefit of faster 
acquisition times.

Cocrystals
The high chemical specificity of Raman 
spectroscopy renders the technique ame-
nable to characterizing more-complex 
forms of APIs and formulations such as 
cocrystals. TRS was demonstrated and 
compared with established technique to 
be viable to detect cocrystals in a study 
by Elbagerma and colleagues (26). The 
study confirmed that TRS is an effective 
TRS tool to evaluate cocrystal formation 
through interaction of their components. 
Burley and colleagues (27) further em-
ployed TRS to analyze model formula-
tions comprising tableted cocrystals. The 
ability of TRS to differentiate between for-
mulations on the basis of both drug load-
ing and drug chemistry (cocrystal versus 
separate components) was confirmed. It 
was concluded that TRS allows for fast, 
automated, unsupervised classification 
of realistic cocrystal tablet formulations, 
both in terms of drug loading and in 
terms of whether two APIs are included 
as a cocrystal or as separate components. 
The study also warned that mere visual 
inspection of data to identify variance 
and overall data structure could be mis-
leading, and in the concerned study such 
cursory inspection, in effect, misidentified 
API chemistry (cocrystal versus “separate 
components”) as the main variance in the 
data. On the other hand, rigorous quanti-
tative numerical analysis showed that API 
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content in fact leads to the largest varia-
tions between datasets. 

Suspensions
Shin and colleagues (28) demonstrated 
the ability of TRS to assess suspensions 
with minimal influence from internal 
particle settling. Because particle con-
centrations at given points throughout the 
sample can differ in a partially settled sus-
pension sample, the acquisition of Raman 
spectra representative of the entire sample 
composition is critically important for 
accurate quantitative analysis. The pro-
posed scheme used axially irradiated laser 
radiation (TRS) in the same or opposite 
direction of settling, thus allowing laser 
photons to migrate through the settling-
induced particle-density gradient formed 
in the suspension and to widely interact 
with particles regardless of their settled 
locations. As such TRS was expected to 
be more representative of the overall sus-
pension composition, even with partial 
settling, compared with conventional lo-
calized Raman measurement. The study 
showed that settling did not significantly 
degrade the accuracy of the concentration 
determination, thereby indicating effec-
tive acquisition of settling-tolerant TRS 
spectra. 

Recent Advances of  
the TRS Technique
Following earlier investigations of basic 
properties of the technique in both the 
lateral and depth dimensions (29,30), the 
underpinning TRS technology and un-
derstanding of the technique itself have 
been advancing rapidly. Considerable ef-
forts have been devoted to advances such 
as boosting signals in Raman spectros-
copy, which in general are weaker in TRS 
geometry than in conventional backscat-
tering Raman configuration. Earlier and 
subsequent investigations showed that the 
photon diode concept, which consists of 
an optical filter placed over an illumina-
tion zone and returning laser and Raman 
photons escaping from the turbid sample 
back into it, can boost Raman signals in 
TRS by an order of magnitude (15,16,23). 
Subsequently, an alternative concept using 
hemispherical mirrors placed over the il-
lumination zone was demonstrated and 
investigated by Pelletier (31). This ap-
proach was shown to be capable of boost-

ing a TRS signal from a representative 
commercial pharmaceutical tablet by a 
factor of 40. These approaches promise to 
further enhance the potential of TRS by 
shortening acquisition time and enhanc-
ing measurement sensitivity (15,23). 

Other methods for enhancing sig-
nals include increasing the ability of the 
Raman detection system to collect more 
Raman signal from the sample. Because 
the diffuse TRS signal is spread over a 
wide area of sample, its collection is highly 
challenging and in practical scenarios 

only a small fraction of signal available 
on sample surface can be collected. The 
limit is typically set by the signal collec-
tion gathering capability of spectrographs 
(etendue), which represents a bottleneck. 
Strange and colleagues (32) investigated 
the use of alternative spectrometer ap-
proach based around spatial heterodyne 
Raman spectrometry (SHRS), which en-
ables them to  to achieve potentially much 
higher etendue values. The SHRS detec-
tion concept was applied to measuring 
TRS spectra of ibuprofen yielding only 2.4 
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times lower TRS intensity than in back-
scattering mode. The throughput of the 
SHRS system was about eight times higher 
than that of an f/1.8 dispersive spectrom-
eter. However, the signal-to-noise ratio 
(S/N) was still two times lower for the 
SHRS than the f/1.8 dispersive spectrom-
eter, apparently because of high levels of 
stray light. As such, there is the possibil-
ity for further improvement of the SHRS 
technology with a potential to outperform 
conventional dispersive systems in terms 
of S/N. Another notable attractive feature 
of this technology is its potential for min-
iaturization compared with dispersive 
spectrometer technology. 

Oelkrug and colleagues (33) studied the 
origins and dependencies of TRS (XT) and 
conventional backscattering Raman (XR) 
signals both theoretically and experimen-
tally as a function of sample thickness, ab-
sorption, and scattering. The study showed 
that for nonabsorbing layers, the Raman 
reflection and transmission intensities rise 
steadily with the layer thickness, starting 
for very thin layers with the ratio XT/XR = 
1 and for thick layers, approaching a lower 
limit of XT/XR = 0.5. In stratified systems, 
Raman transmission allows deep probing 
even of small quantities in buried layers. In 
double layers, the information is indepen-
dent from the side of the measurements. In 
triple layers simulating coated tablets, the 
information of XT originates mainly from 
the center of the bulk material whereas XR 
highlights the irradiated boundary region. 
However, if the stratified sample is mea-
sured in a Raman reflection setup in front 
of a white diffusely reflecting surface, the 
study concludes that it is possible to moni-
tor the whole depth of a multiple scatter-
ing sample with equal statistical weight. 
In other words, the approach enables 
transmission-like measurements from 
reflectance setups.

Sparen and colleagues (34) investi-
gated the dependence of the accuracy of 
quantification of TRS signals on matrix 
properties and compared it with that of 
NIR spectroscopy. In this work, matrix 
effects in transmission NIR and Raman 
spectroscopy were systematically investi-
gated for a solid pharmaceutical formula-
tion varying the factors particle size of the 
drug substance, particle size of the filler, 
compression force, and content of drug 
substance. Principal component analysis 

of NIR and Raman spectra showed that 
the drug substance content and particle 
size, the particle size of the filler, and the 
compression force affected both NIR and 
Raman spectra. All factors varied in the 
experimental design influenced the pre-
diction of the drug substance content to 
some extent, both for NIR and Raman 
spectroscopy, with the particle size of 
the filler having the largest effect. When 
all matrix variations were included in 
the multivariate calibrations, however, 
good predictions of all types of tablets 
were obtained, for both NIR and Raman 
spectroscopy. The prediction error using 
transmission Raman spectroscopy was 
about 30% lower than that obtained with 
transmission NIR spectroscopy.

Manufacturing and  
Regulatory Perspective
Villaumié and colleagues (35) described 
the application of TRS to manufacturing 
at Actavis UK Ltd. The company under-
took a project to modernize how samples 
were tested in the QC laboratory and to 
make significant improvements to the 
supply chain and speed up the process of 
product supply to the market. After the 
researchers reviewed the technologies 
that can nondestructively test solid oral 
medicinal products, they identified TRS 
as the most chemically specific analyti-
cal option that avoids subsampling issues 
from the tablets or capsules; the technique 
eliminates sample standard prepara-
tion time, with routine sample analysis 
in just minutes, and has an added ben-
efit of eliminating environmental waste. 
The article describes how approval for 
the use of TRS as an alternative content 
uniformity (CU) test was acquired from 
UK’s Medicines and Healthcare Products 
Regulatory Agency (MHRA). By remov-
ing dependence on HPLC, an expensive 
and time-consuming “workhorse” tech-
nique, the company was able to save cost 
and resources from the QC laboratory 
and eliminate environmental waste. The 
study details the method development 
process—from initial feasibility studies, 
calibration, and validation to routine 
use of the model—and describes the 
regulatory framework for their success-
ful method approval. The company is ac-
tively developing additional TRS methods 
for different solid-dose products with the 

aim of reducing laboratory costs and time 
for release of products to the market (36).

Conclusions
The recent advent of TRS for pharmaceu-
tical analysis heralds a new era in intact 
rapid volumetric analysis of pharma-
ceutical products in process and quality 
control. A number of advanced diverse 
applications have been demonstrated in 
recent years, including API content uni-
formity testing of complex formulations, 
polymorph quantification, and detection 
and excipient characterization. Benefi-
cial characteristics include experimental 
simplicity, ease of data interpretation, and 
the ability to use existing multivariate data 
analysis tools. Several new regulatory ap-
provals granted recently indicate the ini-
tiation of the process of the translation 
of TRS technology from pharmaceutical 
R&D laboratories to manufacturing en-
vironment. 
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You have been using a combination of nanoparticles and 

SERS in a variety of methods and applications related to 

biomedical use. What are the various functions that the 

nanoparticles play?

We use metallic nanoparticles of a variety of different composi-
tions, shapes, and sizes for our research. The most fundamental 
properties of these nanoparticles is that they enhance Raman 
scattering and for that purpose, we prefer plasmonic nanopar-
ticles such as silver or gold, although we are well aware of some 
of the newer nanoparticle materials based on semiconductors 
that are emerging in the SERS field as alternatives.

When we started in this field over 20 years ago, most of the 
surface chemistry for SERS had been developed to work with 
gold nanoparticles. My background, however, was in synthetic 
chemistry and I was interested in developing robust surface 
chemistries that worked well with silver nanoparticles, which 
typically give a larger enhancement of Raman scattering than 
gold nanoparticles. We have been able to build up a repertoire of 
ligands and chemistries for functionalization of predominantly 
silver nanoparticles. We also have started to understand more 
about the complex surface interactions going on for both gold 
and silver nanoparticles with a number of target analytes.

So getting to your question, the first function that the 
nanoparticle displays is enhancing the Raman scattering. The 
second function we are interested in is using them as a linker; 
because of their large surface area we can add multiple species 
to one nanoparticle and effectively view the nanoparticle as a 
linker between the species and a tag. For instance, a DNA se-
quence and a strongly scattering molecule such as malachite 
green isothiocyanate can be added to a nanoparticle in a self 
assembly process that effectively tags the DNA sequence with 
the malachite green through a nanoparticle, resulting in a strong 
SERS signal. The large surface area of the nanoparticle allows us 
to add multiple molecules per nanoparticle, which is interest-
ing from a delivery perspective but also in terms of looking for 
cooperative binding effects when targeting weak noncovalent 
interactions such as antibody–antigen interactions or DNA hy-

bridizations. The third function of the nanoparticles that we 
are interested in is that they have a plasmonic heating effect 
when we tune our excitation frequency to match the plasmon 
of the nanoparticles. We can experience significant heating and 
by playing with the nanoparticle composition, the molecular 
functionalization, and the excitation frequencies, we can tune 
between seeing enhancement of Raman scattering and heating 
up of the system. By controlling and investigating these three 
different functions we are able to use our nanoparticle-based ap-
proaches in a variety of different applications for biomedical use.

In one application, you have developed silver glyconanopar-

ticles for low volume and rapid detection of cholera toxin B 

subunits in freshwater using SERS detection (1). Can you 

explain briefly how this works?

We are very interested in looking at interactions that can 
aggregate nanoparticles and as a consequence change the 
degree of enhancement of Raman scattering from molecules 
attached to the surface of these particles. In preliminary 
work we had shown how ConA [concanavalin A, a glucose-
specific plant lectin] could interact with glucose-functional-
ized nanoparticles and we could follow this by SERS at very 
sensitive levels. That wasn’t particularly useful, however, so 
we started to look for other protein–sugar interactions that 
could still result in a change in nanoparticle aggregation and 
follow this using SERS.

The cholera toxin B subunit is a pentameric protein that 
is released by cholera and interacts with ganglioside GM1, 
which is located in your gut. This is the reason that cholera 
toxin ends up being nasty to the human system. There had 
been some previous studies looking at the cholera toxin B 
subunit interaction with sugar-coated nanoparticles that 
had only looked at the plasmonic color changes and had 
used reasonably complex sugar chemistry. The interaction 
between the ganglioside and the cholera toxin B subunit is 
quite complex, with a number of different points of contact 
from the ganglioside, which was always going to be a syn-

In biomedical applications of surface-enhanced Raman spectroscopy (SERS), nanoparticles can 
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thetic challenge. To shortcut this, we 
came up with two different linking 
units that made use of the key sugar 
residues in the ganglioside, namely ga-
lactose and sialic acid. By investigating 
the ratio of sialic acid to galactose on 
the nanoparticles and also the spacing 
away from the surface of each residue 
we were able to develop a functional-
ized nanoparticle that interacted very 
accurately with the cholera toxin B 
subunit, causing aggregation of the 
nanoparticles, which we could follow 
by SERS: In other words, as cholera 
toxin concentration increased we saw 
an increase in the SERS signal due to 
aggregation of these functionalized 
nanoparticles.

What advantages does this approach 

to detecting cholera offer compared to 

previous approaches?

At this stage we have just the proof of 
principle and we know that we can use 
a handheld portable Raman system that 
runs on batteries, meaning that the field 
portability of this system is very compel-
ling. The cost of such a system is reason-
able; however, we still have significant 
work to do before this becomes a field-
deployable SERS detection system.

What challenges remain to make this 

approach practical for use with patient 

samples?

This approach was developed predomi-
nantly for testing of water samples in 
areas affected by cholera or potentially 
affected by cholera. For medical diag-
nostics, we are using a similar approach 
but not in solution, rather using a sta-
tionary phase and a capture approach, 
where we can look for either bacteria 
or micro RNA sequences indicative of 
disease. This work is still in its infancy 
but is showing significant promise in 
moving from a high-performance-
instrument–based assay to a point-of-
use assay for a specific diagnostic.

You are currently working on lipid pro-

filing in cancer cells using nanoparti-

cles and SERS for purposes such as as-

sessing the effect of anti-cancer drugs. 

How does this approach work?

The lipid profiling work is pretty new 
for us and we are seeing some excellent 

results when comparing normal back 
scattered Raman mapping of cells with 
CARS [coherent anti-Stokes Raman 
spectroscopy] imaging and also we have 
started to look at anti-cancer drugs with 
nanoparticles. This work allows us to 
show cellular structure and molecular 
changes in an image based on the scat-
tering intensity arising from the lipids 
and proteins. We are also starting to fol-
low the drug attached to the nanoparticle 
using the enhanced Raman scattering of 
the drug. Drug concentrations are typi-
cally pretty low inside single cells, hence 
the use of nanoparticle to enhance the 
SERS signal, which allows us to follow 
the movement of the drug–nanoparticle 
conjugate as well as to produce three-di-
mensional images with point of reference 
to the higher concentration signals from 
the cellular cytoskeleton such as the lipid 
membranes and proteins.

What are the main challenges you have 

to overcome to make this approach 

work?

The main challenge here is to under-
stand the specific lipids, which we see 
from broad signals and which can con-
tain multiple species in the Raman scat-
tering, and also how to accurately assess 
the change in IC50 [which is a measure of 
drug efficacy] as a result of the effect of 
drugs when they are attached to nanopar-
ticles. This is not a trivial challenge and 
we need to understand more about drug 
efficacy when the drug is attached to the 
nanoparticles. The important thing as 
well is not just to look at the efficacy of 
the drug but to understand more about 
changes in molecular composition of the 
cell, which is where the Raman scatter-
ing comes in. Coupled with that we need 
to understand which specific molecules 
and which specific lipids are changing in 
terms of being either up- or down-regu-
lated by synthetic pathways.

What have you been able to achieve 

so far?

We have several three-dimensional 
images where we can see our specific 
drug added to the nanoparticle inside 
a cancer cell and we can see where this 
is located. We have started to under-
stand the change in lipid biosynthesis 
as a whole within cells when anticancer 

drugs have been added to them. It is in-
credibly complex but our collaborators 
in the cancer research fields are pretty 
excited about the amount of data and 
the challenge ahead of interpreting this 
in a meaningful fashion.

You have also been developing a type 

of nanoparticle to enhance SERS called 

“nanostars.” What are nanostars and 

how do they work?

Nanostars are three-dimensional par-
ticles that have prongs extended from 
the surface and give rise to very strong 
scattering of light from the surface. The 
nanostars can be produced in a number 
of different ways from either silver or 
gold and can be produced with tunable 
plasmon responses from the visible to 
the near infrared. Many other groups are 
working on using nanostars for SERS and 
other applications. Where I think we dif-
fer slightly is that we have been looking 
at the chemistry of the nanostar synthe-
sis coupled with the SERS detection and 
subsequent properties in a bit more de-
tail, which appears to be giving us some 
significant control over their stability and 
reproducibility as well as the degree of en-
hancement from the system that we are 
investigating.

Reference
 (1) J. Simpson, D. Craig, K. Faulds, and D. Graham, 

Nanoscale Horiz. 1, 60 (2016). DOI: 10.1039/

c5nh00036j

This interview has been edited for length 
and clarity. To read the full interview 
please visit: http://www.spectroscopyonline.
com/nanoparticles-sers-and-biomedical-
research ◾
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Your group has developed a new tandem mass spectrom-

etry (MS/MS) method called ultraviolet photodissociation 

(UVPD) for cleaving proteins into diagnostic fragment ions 

in the mass spectrometer (1). Can you please briefly describe 

the basic principles of this approach?

UVPD entails irradiating ions with UV photons inside the 
mass spectrometer. The ions may absorb one or more photons, 
a process that deposits considerable internal energy into the 
ions and which ultimately leads to cleavage of bonds and pro-
duction of fragment ions. The fragment ions create a diagnos-
tic pattern that serves as a fingerprint of the original structure 
of the molecule. In short, UVPD is an MS/MS process akin to 
conventional collisional activation methods, but the process 
uses photons rather than collisions to energize the ions. Using 
UV photons leads to significantly higher energy deposition 
than collisional methods, and typically this means that the 
resulting spectra will have a larger array of fragment ions and 
thus give greater confidence in characterizing the structures 
of molecules. We have used this method to examine many 
types of molecules ranging from peptides to lipids to nucleic 
acids to intact proteins.

What are the advantages of the UVPD technique compared 

with other MS methods for probing protein structures?

One primary advantage is the higher energy deposition of 
UVPD compared to collisional activation methods. This re-
sults in access to a greater range of fragmentation pathways 
and richer MS/MS spectra. This can be beneficial when try-
ing to characterize isomeric structures or trying to pinpoint 
structural modifications. We have more recently obtained evi-

dence that the UVPD process may also be sensitive to tertiary 
structural features of proteins, thus allowing a means to probe 
protein conformations.

What are its limitations?

First, UVPD is only successful if the ion of interest absorbs 
UV photons. For example, 193-nm photons are efficiently ab-
sorbed by the amide backbone of proteins and peptides. Sec-
ond, using high-energy UV photons (such as ones at 193 nm) 
creates extensive fragmentation via multiple pathways. This 
means that the ion current is dispersed among many fragment 
ions, ultimately reducing the abundances of ions. Third, using 
higher laser powers or photon fluxes increases the chances 
for multiphoton absorption and increases the probability that 
fragment ions themselves will absorb photons and undergo 
secondary fragmentation. This process may lead to disinte-
gration of ions or unusual internal ions that are difficult or 
impossible to assign.

A second publication from your group describes the use of 

the technique for studying protein–ligand interactions in 

native-like ternary protein complexes, namely dihydrofo-

late reductase (DHFR) complexes with a cofactor and with a 

drug (2). What makes DHFR a good candidate for examina-

tion using the UVPD approach?

DHFR is a great candidate for the UVPD approach for several 
reasons. First, it is a moderately sized protein (<20 kDa), and 
this is an ideal size for MS/MS characterization of intact pro-
teins. Second, DHFR has tremendous biological importance 
because of its key role in the folate cycle that produces thy-

Proteomics and structural biology require specialized mass spectrometry methods for characterizing 
protein structures and conformations. Jennifer S. Brodbelt, a professor of chemistry at the University 
of Texas at Austin, focuses on the development and application of photodissociation mass spectrom-
etry for studying biological molecules such as peptides, proteins, nucleic acids, oligosaccharides, and 
lipids. She recently spoke with Spectroscopy about her work with this technique. She is the winner 
of the 2017 ANACHEM Award, which will be presented at the SciX meeting in October 2017. The 
award is presented annually to an outstanding analytical chemist based on activities in teaching, 
research, administration, or other activities that have advanced the art and science of the field.
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mine, a small molecule critical for prolif-
eration of cells. Third, DHFR is known 
to bind cofactor NADPH and inhibitor 
methotrexate, thus allowing the charac-
terization of the resulting noncovalent 
complexes by UVPD-MS. These nonco-
valent complexes can be transferred to 
the gas-phase by electrospray ionization 
and then fully characterized by UVPD-
MS.

Your group has recently extended use 

of the UVPD method to study multi-

protein complexes and secondary pro-

tein topology (3). Did you encounter 

any special challenges related to ana-

lyzing these larger structures?

Increasing the size of proteins or protein 
complexes creates unique challenges. 
The intact masses of these species are 
larger, so this taxes the performance of 
many mass spectrometers. At the same 
time, the range of potential fragment 
ions (and their charge states) increases 

with the size of the protein or protein 
complex, which further complicates as-
signment of the resulting mass spectra.

What are the next steps in your re-

search?

We are extending the UVPD-MS 
method for characterization of even 
larger multimeric complexes and are 
trying to extend the m/z range for analy-
sis of other larger individual proteins by 
UVPD-MS. We also recognize the im-
portance of mapping modifications of 
proteins, and that is an objective where 
UVPD can really shine.

References
 (1) J.B. Shaw, W. Li, D.D. Holden, Y. Zhang, J. 

Griep-Raming, R.T. Fellers, B.P. Early, P.M. 

Thomas, N.L. Kelleher, and J.S. Brodbelt, J. 

Am. Chem. Soc. 135, 12646–12651 (2013).

 (2) M.B. Cammarata, R. Thyer, J. Rosenberg, A. 

Ellington, and J.S. Brodbelt, J. Am. Chem. 

Soc. 137, 9128–9135 (2015).

 (3) L.J. Morrison and J.S. Brodbelt, J. Am. Chem. 

Soc. 138, 10849–10859 (2016). ◾
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PRODUCTS & RESOURCES
Raman spectrometer
B&W Tek’s iRaman Pro ST 
portable Raman spectrometer 
is designed to measure 
through a variety of materials. 
According to the company, 
the spectrometer can 
measure through clear or 
semitransparent containers, 
white and red plastics, 
pill coatings, yellow and manila colored paper, white packaging 
envelopes, and glass. 
B&W Tek, 
Newark, DE; 
www.bwtek.com

Miniature spectrometer
The Ocean FX miniature spec-
trometer from Ocean Optics is 
designed to provide acquisition 
speed up to 3000 scans per 
second and onboard buffer-
ing to ensure data integrity 
during reaction monitoring. 
According to the company, the 
spectrometer is suitable for sort-
ing and grading in production 
environments, measurement of 
transient events, and reaction 
kinetics monitoring for drug development and similar applications.  
Ocean Optics, Dunedin, FL; www.oceanoptics.com

EDXRF spectrometer brochure
An updated brochure 
from Rigaku describes the 
company’s NEX DE VS 
direct excitation EDXRF 
spectrometers. According to 
the company, the 10-page 
document provides an 
overview of the spectrometer’s 
capabilities, basic specifications, 
and application options.  
Applied Rigaku  
Technologies, Inc., 
Austin, TX; 
www.RigakuEDXRF.com

Deep UV certified reference material
A certified reference material 
(CRM) from Starna Scientific 
is designed to qualify a UV 
spectrophotometer in the 
deep UV. According to the 
company, the CRM can 
provide reliable qualification 
data below 200 nm, and a 
new reference material (TS8) 
was developed with suitable 
spectral characteristics in the region of 190–230 nm.  
Starna Cells, Inc., 
Atascadero, CA; 
www.starna.com

Raman imaging software modules
HORIBA Scientific’s EasyNav 
software modules are designed to 
enable Raman users to navigate 
images while remaining in focus. 
According to the company, 
NavMap, a video feature, shows 
the global sample and zoomed 
region of interest within the 
sample, simultaneously, in real-
time; NavSharp provides real-
time navigation on a sample image with any topography; and ViewSharp 
constructs an image in which all surfaces are in focus simultaneously and 
creates a 3D topography image.  
HORIBA Scientific, Edison, NJ; www.horiba.com/scientific

External integrating sphere accessory
PIKE’s external integrating 
sphere accessory, which uses 
the external beam of the 
spectrometer, is designed for 
the analysis of large samples. 
The accessory provides 
additional sampling space by 
positioning samples underneath 
the sphere for precise 
reflectivity measurements. 
According to the company, the 
internal optics of the external integrating sphere focus the IR beam into 
a 4-in. diffuse gold-plated integrating sphere.  
PIKE Technologies, Madison, WI; www.piketech.com

Liquid flow cells
Spectral Systems’ Super-
Sealed liquid flow cells are 
designed and manufactured 
for continuous flow infrared 
transmission sampling 
applications. According to 
the company, the large port 
diameter permits higher flow 
rates to speed feedback of 
component concentration.  
Spectral Systems 
Hopewell Junction, NY; 
www.spectral-systems.com

Laser metals analyzer
The WITec TrueSurface optical 
profilometer is designed to 
enable topographic Raman 
imaging on rough and uneven 
samples. According to the 
company, a new option allows 
Raman spectra to be acquired 
from precisely along a surface, 
or at a set, user-defined 
distance from a surface.  
WITec GmbH, 
Ulm, Germany; 
www.witec.de
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VUV and UV coatings
Broadband VUV and UV 
coatings from Acton Optics & 
Coatings are designed to provide 
reflectance down to 120 nm, 
with broadband reflectance 
throughout the visible and near-
infrared ranges. According to 
the company, the coatings are 
suitable for DUV spectrophotometers, ellipsometry, VUV- and UV-based 
analytical instrumentation, ICP spectrometers, and aerospace applications. 
Princeton Instruments, 
Acton, MA; 
www.actonoptics.com/products/al-mgf2-mirrors

ICP-OES system
The Agilent 5110 ICP-OES 
system is designed for analysis 
in food, environmental, and 
pharmaceutical testing as well 
as for mining and industrial 
applications. According to 
the company, the system 
captures axial and radial views 
of the plasma in a single 
measurement. 
Agilent Technologies, 
Santa Clara, CA; 
www.agilent.com

Pharmaceutical analyzer
Renishaw’s RA802 
Pharmaceutical Analyser 
benchtop Raman imaging 
system is designed for use in 
the pharmaceutical industry. 
According to the company, 
the Raman imaging system 
enables users to formulate 
tablets efficiently by speeding 
up the analysis of tablet 
composition and structure.
Renishaw,
Hoffman Estates, IL; 
www.renishaw.com/Raman

NIR spectral sensor
Si-Ware’s NeoSpecta Micro 
near-infrared spectral sensor 
is designed with a spectral 
range of 1250–2500 nm with 
resolution down to 8 nm. 
According to the company, 
the sensor allows measuring 
samples in different form 
factors including particles, flat 
surfaces, and ground samples, 
with no need for sample preparation. 
Si-Ware Systems, 
Flintridge, CA;
www.neospectra.com

Silicon drift detector
Amptek’s Fast SDD-70 detector 
reportedly combines its silicon 
drift detector (SDD) and its larg-
est detector in a TO-8 package. 
According to the company, the 
SDD has a 70-mm2 active area 
collimated to 50 mm2 and is 
capable of over 2,000,000 CPS, 
its resolution is 123 eV FWHM at 5.9 keV, and its peak-to-background ratio 
is 26,000:1. Applications include benchtop and handheld XRF analyzers, 
on-line process control, and X-ray sorting machines. 
Amptek Inc., Bedford, MA; 
www.amptek.com

Raman analyzer
The RamanRXN2 Multichannel analyzer 
from Kaiser is designed to provide 
high-resolution, research-grade Raman 
spectra on a portable platform for process 
development monitoring and control. 
According to the company, a single 
analyzer can collect Raman data from four 
channels, addressable by fiber-optic probes 
capable of direct in situ liquid or solid 
measurements in applications ranging from 
from raw materials identification to process 
control in a manufacturing environment.  
Kaiser Optical Systems, Inc., 
Ann Arbor, MI; 
www.kosi.com

Portable Raman spectroscopy system
The portable StellarCASE-Raman system 
from StellarNet is designed for material 
identification and composition analysis 
using Raman spectroscopy, and is 
suitable for applications in forensics, 
anti-counterfeiting, and enhanced Raman 
spectroscopy. According to the company, 
the system uses free SpectraWiz ID 
software to build and search a library for 
any application.  
StellarNet, Inc.,  
Tampa, FL; 
www.StellarNet.us

Raman software module
HORIBA Scientific’s ParticleFinder 
module for its LabSpec 6 
Spectroscopy software is 
designed for use with the 
company’s Raman microscopes. 
According to the company, 
the module is suitable for 
automated molecular analysis in 
pharmaceutical materials, trace 
forensic evidence, geological 
rock and mineral particles, and 
contaminants trapped on filters. 
HORIBA Scientific, 
Edison, NJ; 
www.horiba.com/scientific
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