
Optical Photothermal IR Spectroscopy 
Targets Single-Cell Metabolomics
Advancements in instrumentation, along with improvements in data acquisition speed and spatial 
resolution, have fostered a pump-and-probe technique that resolves infrared chemical images. 

BY CÁSSIO LIMA AND ROY GOODACRE,  
UNIVERSITY OF LIVERPOOL

Due to its unique molecular fin-
gerprinting capability, infrared 
spectroscopy has been widely used 

to interrogate the overall biochemistry of 
biological systems. Over the years, this 
capability has proved the technique’s 
worth as a powerful physicochemical 
method with broad applications within 
the life sciences. A novel far-field 
pump-and-probe technique called optical 
photothermal infrared (O-PTIR) spec-
troscopy has recently been developed 
to acquire infrared chemical images 
from samples quickly. The technique’s 
impacts and limitations, as well as its 
future potential in biomedical research, 
can be projected, along with its poten-
tial applications as a tool for single-cell 
microbial metabolomics and for studying 
tissue diseases.

Infrared spectroscopy is a technique 
used to perform chemical analysis based 
on the absorption of infrared radiation 
by chemical bonds within a sample. 
The ability of this vibrational spectro-
scopic technique to interrogate chemical 
functional groups gained a lot of attention 
in the early 1900s when William Weber 
Coblentz demonstrated in his research 
that groups of atoms in organic com-
pounds absorb specific wavelengths in 
the mid-IR range (2500 to 50,000 nm)1. 
Since Coblentz’s findings were published, 
advancements in instrumentation and op-
tics have contributed to the development 
of infrared spectroscopy as an analytical 
tool in the 20th century. 

Beckman released its first commer-
cial infrared spectrometer in 1942, and 
PerkinElmer unveiled its own infrared 

spectrometer in 1944. At the time, infra-
red spectroscopy was already established 
as a powerful technique for analyzing the 
chemical composition of organic com-
pounds. However, the infrared spectrom-
eters available were based on dispersive 
optics such as prisms and gratings, which 
led to potential thermal degradation of the 
sample. This configuration had several 
shortcomings, such as poor repeatability, 
a slow scanning speed that led to low 
throughput, and the fact that most of the 
operations had to be performed manually. 

The technical innovation that overcame 
these operational deficiencies inherent 
in the traditional design came in the late 
1960s and early 1970s, when the third-
generation infrared spectrometers that 
replaced dispersive optics with a Michel-
son interferometer became commercially 
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available. In an interferometric infrared 
spectrometer, infrared spectra are gener-
ated in the time domain according to the 
position of the moving mirror placed on 
one of the arms of the Michelson interfer-
ometer. Then a fast Fourier transform is 
applied to obtain infrared spectra from the 
interferogram (that is, it converts signal 
from the time domain to the frequency do-
main). Fourier transform infrared (FTIR) 
spectrometers collect infrared spectra in 
seconds and provide high-quality spectra 
by signal averaging. To this day, FTIR 
spectrometers are still among the most 
popular types of systems used to acquire 
infrared data from samples. 

In 1953, PerkinElmer introduced 
the first infrared microspectrometer, 
which combined the chemical specific-
ity integral to infrared spectroscopy with 
the spatial analysis made possible by a 
microscope. But despite the novelty of the 
concept, the system was once again based 

on dispersive optics, and the concept 
failed commercially due to technical im-
practicalities of assembling such a system 
on a broad scale. Infrared microspectros-
copy remained an underused technique 
until the mid-1980s, when microscopes 
were combined with FTIR spectrometers, 
which improved the data acquisition 
speed and, importantly, the ease of use. 
The combination of FTIR technology 
and microscopy enabled the collection of 
infrared spectra from microscopic regions 
of a sample, allowing researchers to map 
the distribution of chemical species in 
heterogeneous samples. 

To expand the range of applications of 
FTIR microspectroscopy, a variety of op-
tical geometries — such as transmission, 
reflection, transflection, and attenuated 
total reflection — have been developed to 
enable the collection of infrared chemi-
cal maps from various types of samples. 
Currently, FTIR microspectroscopy is 

a commonly used infrared microscope 
system in many different laboratories and 
industries worldwide. 

The three major parts of an FTIR 
microscope are the source, the interfer-
ometer, and the detector. Modern FTIR 
systems are equipped with a source that 
emits infrared radiation in the mid-IR 
range, a Michelson interferometer, and 
a linear and/or two-dimensional array 
detector. Together, these parts play an 
important role in establishing spatial 
resolution in a sample, as well as the 
scanning speed of chemical maps. The 
spatial resolution in an FTIR microscope 
(and any other far-field microscope) 
is limited by the so-called diffraction 
limit, which restricts the spatial resolu-
tion (the minimum detectable separation 
between two points that enables them to 
be distinguished in an image) of a system 
to the order of the wavelength used for 
the measurement. Thus, due to the long 
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Figure 1. A comparison of images collected at 1650 cm−1 (Amide I, proteins) from the same cancer tissue via Fourier transform infrared (FTIR) and optical  
photothermal infrared (O-PTIR) techniques. An optical photomicrograph collected from H&E-stained tissue (a). Chemical maps acquired from cancer tissue core 
biopsies via FTIR (b) and O-PTIR (c). Cropped regions around pixels from the same core in FTIR (d, f) and O-PTIR (e, g) images. Adapted with permission from  
Reference 5/CC BY 4.0. 
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Figure 2. An image acquired from single E. coli bacterial cells (a). A single-frequency image obtained via 
O-PTIR at 1655 cmî� (b). Infrared spectral signatures recorded by FTIR spectroscopy from bulk populations 
(red line), and from a single bacterial cell recorded by O-PTIR spectroscopy (blue line) (c). Courtesy of 
the University of Liverpool.
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niques play an important role in diagnosis 
and treatment as a disease progresses. 

However, traditional histopathology 
techniques are laborious and time- 
consuming, and they rely on the experi-
ence and knowledge of a pathologist to 
reach the correct conclusion from the data. 
These techniques also require expensive 
labeled antibodies or probes. Thus, the 
use of FTIR microscopy has potential for 
tissue imaging because of its ability to 
provide high contrast between healthy and 
diseased tissues in an unbiased and label-
free manner4. However, FTIR microspec-
troscopy fails at imaging tightly grouped 
subcellular structures in a sample due to 
its poor spatial resolution. This limitation 
can be overcome by the improved spatial 
resolution provided by O-PTIR imaging, 
as illustrated in Figure 15. 

The development of the O-PTIR 
technique has also benefited applications 
of infrared spectroscopy in microbiol-
ogy. Many proof-of-concept studies have 
been published that demonstrate the 

ability of infrared spectroscopy to study 
microorganisms such as bacteria and 
yeast6. However, due to the lack of spatial 
resolution in an FTIR microscope, most 
of these studies have focused on assessing 
bulk microbial populations, and only a 
few have examined single cells by using 
AFM-IR and IR-SNOM3, which pres-
ent several shortcomings and challenges 
(described above) despite their nanoscale 
resolution. Considering that most micro-
organisms are typically about 1 to 2 µm, 
the spatial resolution provided by O-PTIR 
imaging is ideal for performing microbial 
analysis at the single-cell level (Figure 2). 
Thus, O-PTIR spectroscopy has emerged 
as a powerful phenotyping tool in single-
cell microbial metabolomics, allowing the 
study of metabolism in whole organisms, 
as well as cell-to-cell variances. 

Another great advantage of O-PTIR 
over FTIR spectroscopy in life science 
research is that single-point infrared spec-
tral data acquired through O-PTIR spec-
troscopy is artifact-free, whereas spectra 

obtained via FTIR microspectroscopy can 
exhibit artifacts due to Mie scattering, 
or the elastic scattered light of particles 
that have a diameter similar to or larger 
than the wavelength of the incident light, 
causing interference2. These dispersive 
artifacts are commonly seen in spectral 
data acquired from single biological cells, 
and they manifest as a sharp decrease 
in intensity on the high-wave-number 
side of important absorption bands. This 
phenomenon results in a shift of the true 
peak position in collected data, which 
makes the interpretation of the biochemi-
cal features unreliable7. 

In addition to achieving submicron 
spatial resolution and generating artifact-
free infrared spectra, some more modern 
O-PTIR systems can also provide Raman 
data simultaneously with infrared spectra 
from the same location at the same resolu-
tion. In this arrangement, the visible beam 
is used as the “infrared” probe, and it is 
also used as the excitation wavelength to 
elicit and acquire Raman data2. The use of 
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Figure 3. O-PTIR (a) and Raman (b) spectra acquired from the bacterium Bacillus sphaericus. O-PTIR (c) and Raman (green line, d) spectra collected from dry  
polyethylene terephthalate (PET), along with the Raman spectrum of PET from an aqueous medium (yellow line, d). Courtesy of University of Liverpool.
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Raman and infrared spectroscopy togeth-
er for sample characterization has been 
well demonstrated, and the two methods 
are routinely used as complementary ana-
lytical techniques to study a wide variety 
of materials in many situations, such as 
in forensics and biomedicine. Although 
both methods provide similar information 
— such as measuring vibrational modes 
from molecules — Raman and infrared 
spectroscopy are performed differently, 
resulting in advantages and challenges in 
using them either separately or together. 

For example, Raman spectroscopy can 
be applied to analyze aqueous solutions 
(Figure 3d), while infrared spectroscopy 
can only be performed on dry samples. 
And Raman spectra can be overwhelmed 
by laser-induced fluorescence (Figure 
3b), whereas infrared spectroscopy is 
fluorescent-free (Figure 3a). Thus, by 
combining both techniques in a single 
system, O-PTIR becomes a powerful, 
versatile tool for characterizing samples, 
with promising applications in materials 
science.

More than a century has passed since 
Coblentz demonstrated the ability of 
infrared spectroscopy to interrogate 
chemical functional groups in organic 
compounds. Since then, advancements in 
instrumentation — along with the need 
for improvement in data quality, scanning 
speed, and spatial resolution — have con-
tributed to the development of technolo-
gies that can acquire infrared data from 
various types of samples. 

O-PTIR spectroscopy has emerged as 
a new infrared technique with several 
key advantages over classical infrared 
spectroscopy, such as improved spatial 
resolution, contactless measurements, 
simple sample preparation, and the absence 
of spectral distortions due to scattering. 
These features will extend the applica-
tions of infrared spectroscopy to scientific 
problems that require analyzing samples at 
submicron scale. And the technique may in 
the future provide insights for the develop-
ment of new far-field infrared technologies 
with nanoscale spatial resolution.
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