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Raman spectroscopy is a non-invasive optical technique for

measuring chemical information from samples including

biological cells. With its high sensitivity and compatibility with in

vitro samples, Raman spectroscopy is increasing in popularity

as a tool for acquiring chemical images of cellular samples in

fields including parasitology, pharmacology, and oncology.

This review describes emerging technologies that are

improving the speed, resolution, and impact of Raman imaging

techniques. Topics include novel instrumentation for data

acquisition and improvements on techniques for displaying

hyperspectral data as images.

Addresses
1Department of Physics, Utah Valley University, 800 West University

Parkway, Orem, UT 84058, United States
2School of Physics and Astronomy, University of Nottingham, University

Park, Nottingham NG7 2RD, United Kingdom

Corresponding author:

Notingher, Ioan (ioan.notingher@nottingham.ac.uk)
3 These authors contributed equally to this work.

Current Opinion in Chemical Biology 2019, 51:138–145

This review comes from a themed issue on Molecular imaging

Edited by Philipp Kukura and Sua Myong

For a complete overview see the Issue and the Editorial

Available online 22nd July 2019

https://doi.org/10.1016/j.cbpa.2019.06.004

1367-5931/ã 2019 Elsevier Ltd. All rights reserved.

Introduction
Raman spectroscopy is a sensitive technique using light

scattering to probe the chemical composition of a sample.

Various molecular vibrations in the sample cause unique

wavelength shifts allowing researchers to measure the

relative concentrations of chemical components, for

example, lipids, proteins and DNA (see Figure 1) [1,2].

Absolute concentrations can also be obtained with appro-

priate calibration models [3,4]. Raman spectroscopy is a

popular technique for chemical imaging microscopic bio-

logical samples as it is non-invasive, non-destructive, and

compatible with aqueous samples [5]. Raman spectros-

copy has been shown to detect slight chemical changes in

tumor cells [6,7], differentiating stem cells [8,9], infected
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red blood cells [10], and cells with mitochondrial dys-

function [11].

However, significant concerns in Raman spectroscopy are

the low signal and long acquisition times compared to

other techniques, requiring 0.5–10 seconds per spectrum

or 2–3 hours per 100 � 100 pixel image [12]. Conse-

quently, a great deal of effort has been exerted into

developing techniques to improve the imaging speed

of Raman spectroscopy.

This review describes recent progress addressing the long

acquisition time and other obstacles in Raman hyperspec-

tral imaging. We will first describe various techniques –

including emerging technologies – for acquiring sponta-

neous Raman spectra for the creation of hyperspectral

images of live cells. We will then describe basic and

developing methods for displaying these spectra as

images.

Data acquisition techniques in spontaneous
Raman scattering
Scanning techniques

Creating a hyperspectral Raman image requires the

acquisition of several Raman spectra at various locations.

Most spectra for Raman imaging continue to be acquired

using point scanning, as this requires no technical

upgrades over the basic Raman microscope. While rela-

tively slow, this strategy has demonstrated sufficient time

resolution to visualize uptake and localization of diato-

mite nanoparticles (see Figure 2(a)) [13], parasite incor-

poration of host cell proteins [3], and aggregation of

different forms of CaCO3 [14].

Raman imaging time can be decreased by using mul-

tiple rows of a CCD sensor to acquire multiple Raman

spectra simultaneously. Line-scanning acquires spec-

tra from a line of points and can be on the order of

20 times faster, albeit at the expense of depth sensi-

tivity and confocality [15]. Line scanning is particu-

larly useful when speed is a major concern, for exam-

ple when imaging of large tissue samples [16]. Line

scanning has also been used to acquire images of cells

being fixed by various methods (see Figure 2(b)) [17]

and cells growing neurites (see Figure 2(c)) [18]. Line

scanning reduced the image acquisition time to pro-

vide sufficient temporal resolution to resolve these

processes.
www.sciencedirect.com
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Figure 1
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Raman spectra of common molecular classes in biological specimens. (a) Nucleic acid spectra include bands from the phosphate backbone and

nucleotides. (b) Spectra from proteins are dominated by the Amide backbone and a strong contribution from phenylalanine. (c) The hydrocarbon

chains of lipids contribute several strong Raman bands. (d) The carbon–oxygen bonds produce multiple unique bands in carbohydrate spectra.

Reproduced from Ref. [1].
Multifocus Raman imaging is similar to line scanning, but

arranges excitation beams ad hoc throughout the field of

view, adding more versatility and real-time adaptability.

This technique was used to image parasites with

improved temporal resolution over point scanning, while

maintaining a similar level of depth sectioning, as shown

in Figure 2(d) [15].

In contrast, selective scanning exploits spatial correlation

within samples to reduce the number of spectra required

and can significantly decrease overall acquisition times.

Multiple algorithms have been developed using feedback

from early Raman spectra to optimize the locations for

future Raman spectra. For example, Zhang et al. devel-

oped an dynamic sampling algorithm that used classifica-

tion by a support vector machine (SVM) to guide subse-

quent measurements, reducing the time for imaging of

mixed bisulfate forms by a factor of six without significant
www.sciencedirect.com 
loss of classification accuracy or spatial resolution (see

Figure 2(e)) [19�]. Another technique developed by

Rowlands et al. interpolates spatial features based on

surrounding spectra, allowing images to be reconstructed

with 10–30 times fewer Raman measurements [20,21].

One can also reduce the number of Raman spectra

necessary for an image by incorporating spatial informa-

tion from another source. For example, auto-fluores-

cence images were used to guide Raman measurements

during breast [22] and skin cancer surgeries [23], reduc-

ing the time to image large tissue samples from several

hours to minutes.

Imaging with time-resolved Raman spectroscopy

In some samples, high levels of fluorescent background

can be orders of magnitude stronger than the Raman

signal, causing the Raman signal to be lost in noise.

Time-resolved Raman spectroscopy employs time-gating
Current Opinion in Chemical Biology 2019, 51:138–145
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Figure 2
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Examples of Raman images obtained by various scanning methods. (a) Raman images of cancer cells six and eighteen hours after incubation with

diatomite. Images were obtained by point scanning (modified from Managó et al. [13]). (b) Line scanning Raman imaging of live mouse embryo

cells to compare spectral profiles of fixations methods. PCA images are overlaid for each image. PC1 (blue) contains spectral components

assigned to protein and lipid. PC2 (negative score in red) contains negative bands assigned to nucleic acids (modified from Hobro et al. [17]). (c)

Line-scanned Raman images of (1) elementary phospholipids and (2) deoxy-nucleo-triphosphates were used to observe in a living neuron cell

during neuronal separation and networking (modified from Pezzotti et al. [18]). (d) Images of overlaid diphenylalanine microtubes at different focal

planes. Images were acquired using multifocus Raman to demonstrate the depth resolution of various configuration (modified from Liao et al. [15]).

(e) Classification images of bisulfate forms. The image in (2) was generated using a complete raster scan. The image in (3) was generated using

only the measurement locations (shown in (1)) chosen by the dynamic sampling algorithm. Green dots in (4) identify misclassified locations in (3)

(modified from Zhang et al. [19�]).
to detect Raman scattered photons, which are emitted

femtoseconds after irradiation, and reject fluorescence,

which occurs picoseconds after. While effective, most

time-resolved Raman techniques require scanning across

the spectrum, slowing the acquisition. A method by

Corden et al. uses a combination of prisms and a digital

micromirror device (DMD) to combine multiple Raman

bands on a time-sensitive detector. Raman bands can be

chosen based on a priori sample information, eliminating

the need for spectral scanning. Faster time-resolved

Raman spectroscopy can acquire images like those in
Current Opinion in Chemical Biology 2019, 51:138–145 
Figure 3(a) from highly fluorescent specimens which

otherwise might have been difficult or time consuming

to denoise [24�].

Raman labeling

Instead of targeting specific molecules like fluorescent

labels, most Raman spectroscopy identifies slight changes

in the relative concentrations of molecular classes (e.g.

proteins, lipids, nucleic acids, etc., see Figure 1). Still,

some specialized techniques use Raman labels to track

specific molecules. Both stable isotope and alkyne labels
www.sciencedirect.com
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Figure 3
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(a) Time-gated Raman measurements of a mixture of Tylenol and Stilbene in the presence of fluorescent dye. The appropriate time-gate measures

Raman scattered photons while rejecting fluorescence (modified from Corden et al. [24�]). (b) Time-lapsed Raman images of amino acid transfer

from host cell to parasite. The parasite and host are differentiated using stable isotope labeling (modified from Naemat et al. [3]). (c) Raman

images of cells on a polystyrene substrate. Despite the strong polystyrene signal, background subtraction can reveal biochemical components

such as nucleic acids, lipids, and proteins (modified from Sinjab et al. [29�]). (d) Raman images of HeLa cells after uptake of alkyne-labeled

polymer nanoparticles. The alkyne bond produces a unique Raman band at 2200 cm�1 (modified from Li et al. [27]).
provide a minimally invasive way to greatly increase the

specificity of Raman images.

Stable isotope labels (e.g. deuterium, 13C) can be incor-

porated into the sample’s cells, usually by incubation in

the cell growth media. Because the isotopes are slightly

heavier, the molecules containing them have lower vibra-

tional energies that can be detected by shifted Raman

bands. Thus, the labeled molecules can be tracked within

a single cell or during cell–cell transitions yet remains

non-destructive [25]. Stable isotope labels have been

used to track nutrient exchanges as a parasite infects a

host cell, as shown in Figure 3(b) [3,26].

An alternative labeling method involves adding alkyne

structures to the molecule of interest. Bands from alkyne
www.sciencedirect.com 
vibrations appear in the quiet spectral region between

1800 and 2800 cm�1. This allows the labeled molecule to

be isolated from other molecules in the spectrum by

enhancing the Raman signal for that molecule, expanding

its use in imaging. For example, Li et al. used alkyne

labels to monitor polymer uptake in cells, as shown in

Figure 3(d) [27].

Techniques for data processing and analysis
Spectral processing for background removal

Traditionally, Raman spectroscopy has used cells cultured

on substrates with low Raman signals (e.g. quartz, CaF2,

MgF2) [28]. Recently, Sinjab et al. have demonstrated

Raman imaging on polymer substrates (see Figure 3(c))

[29�], similar to those used in biomaterial research, drug

screening, and toxicology. This application was made
Current Opinion in Chemical Biology 2019, 51:138–145
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possible by an algorithm that iteratively removed both auto-

fluorescence and substrate-generated Raman signal while

preserving Raman peaks originating from the sample.

Other unwanted signals can come from the sample itself.

Most Raman spectroscopy studies remove non-Raman

background from acquire spectra through polynomial sub-

traction [30]. However, Prats-Mateu et al. investigated

three multivariate algorithms for decoupling the Raman

signal of interest from other spectral components in plant

cell walls [31]. They used these multivariate techniques to

unmix the acquired Raman spectra into several chemical

constituents, allowing them to be subtracted or studied

individually. This study also explored the effects of base-

line correction and other spectral pre-processing on Raman

images, finding that the ideal combination of processing

and multivariate algorithms depended on the sample under

study. A detailed review on such pre-processing and post-

processing algorithms was written by Byrne et al. [32].

Univariate Raman imaging

After acquiring a Raman imaging dataset with spatial and

spectral information (x, y, and wavenumber, see Figure 4(a)),

a variety of methods can be used to transform these data into

a useable image. These techniques vary from direct display

of band intensities to more advanced statistical methods.

The workhorse of generating images from Raman spectra

continues to be univariate imaging. This technique displays

the intensity of a particular Raman band at each location in

the image, essentially visualizing the relative concentration

of a particular molecule throughout the sample. As shown by

Pezzotti et al. (see Figure 2(c)), univariate techniques can be

used to generate images of the concentrations of general

classes of molecules such as lipids or specific molecules such

as deoxyadenosine triposphate (dATP) [18].

Univariate imaging is particularly useful when the target

molecule is known a priori. Two examples are cyclopro-

pane fatty acids (CFAs) in yeast studied by Kochan et al.
[33] and CaCO3 uptake and transformation observed by

Abalymove et al. [14]. Each of these studies concentrated

on the Raman signal of a single molecule within a

complicated system to reveal changes in chemical distri-

bution and composition.

Furthermore, the addition of labels with unique Raman

bands can allow imaging specific to the labeled particle.

This strategy was applied by Yildirim et al. using rhetinoic

acid’s unique Raman band at 1596 cm�1 to track nano-

particles, as shown in Figure 4(b) [34].

Multivariate Raman imaging

Multivariate techniques, in contrast, use multiple Raman

bands simultaneously to display the molecular properties

of the sample. Unsupervised techniques can be used to

identify key spectral features without any a priori
Current Opinion in Chemical Biology 2019, 51:138–145 
information. The most common unsupervised techniques

are principal component analysis (PCA) and cluster anal-

ysis. PCA finds a set of linearly independent variables,

called principal components (PCs), that capture the most

variance in the dataset. PCA images are generated by

plotting the PC scores at each pixel [7]. An example of

this can be seen in Figure 4(c), which uses the PC

correlated to lipid activity to reveal differences in cell

structure between normal and tumor cells [35].

Cluster analysis identifies groups of similar spectra,

assigning colors to each cluster to visualize spectrally

similar regions. The average (or centroid) spectrum from

each cluster can be analyzed to discover chemical trends

within each cluster. For example, Perez-Guaita et al.
employed cluster analysis to visualize the spatial distribu-

tions and spectral components of hemozoin from parasites

infecting red blood cells (see Figure 4(d)) [10].

Raman studies have recently begun adopting other unsu-

pervised methods. Managó et al. implemented multivari-

ate curve resolution-alternating least square (MCR-ALS),

an unsupervised technique that iteratively optimizes the

spectra of assumed pure components at the concentra-

tions of those components [13]. Kallepitis et al. used

vertex component analysis (VCA) in their three dimen-

sional rendering of cell images (see Figure 4(e)) [36��].
VCA assumes that pixels of pure chemical constituents

are present in the image and calculates concentrations of

these constituents in the other pixels. These and other

multivariate techniques are applied and compared by

Prats-Mateu et al. [31].

Classification-based Raman imaging

As hyperspectral Raman imaging becomes more com-

mon and classification models become faster and more

sophisticated, the two have been combined to generate

diagnostic images directly based on parameters of inter-

est (e.g. cell type, diagnosis, etc.). Zhang et al. trained a

support vector machine (SVM) to identify bisulfate

forms. Combined with a spectral feedback algorithm

for dynamic sampling of Raman measurement locations,

classification images were extended to locations not

directly measured (see Figure 2(e)) [19�]. Other studies

chose Raman measurement locations based on fluores-

cence images. Image segmentation algorithms allowed

diagnoses by linear discriminant analysis [22] or artificial

neural networks [23] to be extended in images to regions

beyond where spectra were acquired. In each of these

cases, point-by-point classification by Raman spectros-

copy was too slow for the application, but selective

sampling could effectively apply the classifier to each

pixel in the image.

Outlook and conclusions
Raman spectroscopy includes several techniques that can

be used to obtain chemical images of cellular samples,
www.sciencedirect.com
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Figure 4
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(a) Schematic of a hyperspectral dataset (sometimes called a hyperspectral data cube). Various algorithms exist to display this dataset as useful

images (modified from Kallepitis et al. [36��]). (b) Raman images of LX-2 cells after incubation with nanoparticles. Nanoparticles were marked with

rhetinoic acid for easy identification by the unique Raman band at 1596 cm�1 (modified from Yildirim et al. [34]). (c) Principal component analysis

(PCA) images of (1) normal cells (PNT2) and (2) tumor cells (PC3-H2). The second principal component (PC2) reveals that in normal cells, lipid

activity is concentrated whereas tumor cell lipid activity is distributed across the cell membrane (modified from Musto et al. [35]). (d) (1) Optical

image and (2) Raman hyperspectral image of micrasterias. The Raman image was generated using unsupervised hierarchical cluster analysis.

Clusters identify the location of a parasite infecting the cell (modified Perzer-Guaita et al. [13]). (e) Three-dimensional cell images produced by

vertex component analysis to identify pure spectral components (modified from Kallepitis et al. [36��]).
particularly in vitro. While the low imaging speed has

been the traditional weakness of this technique, Raman

imaging offers some unique features including molecular

specificity, non-invasiveness, and negligible sample
www.sciencedirect.com 
preparation. Furthermore, advances in scanning methods

are greatly improving the speed of acquiring Raman data. A

variety of analysis methods are being developed to transform

hyperspectral Raman data into more meaningful images.
Current Opinion in Chemical Biology 2019, 51:138–145
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These improvements along with high sensitivity and low

sample preparation will enable Raman imaging to have

significant impact in the analysis of infections, pharmaceu-

ticals, and several other applications.
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