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Abstract: Nowadays, there is an interest in biomedical and nanobiotechnological studies, such
as studies on carotenoids as antioxidants and studies on molecular markers for cardiovascular,
endocrine, and oncological diseases. Moreover, interest in industrial production of microalgal biomass
for biofuels and bioproducts has stimulated studies on microalgal physiology and mechanisms of
synthesis and accumulation of valuable biomolecules in algal cells. Biomolecules such as neutral lipids
and carotenoids are being actively explored by the biotechnology community. Raman spectroscopy
(RS) has become an important tool for researchers to understand biological processes at the cellular
level in medicine and biotechnology. This review provides a brief analysis of existing studies on
the application of RS for investigation of biological, medical, analytical, photosynthetic, and algal
research, particularly to understand how the technique can be used for lipids, carotenoids, and cellular
research. First, the review article shows the main applications of the modified Raman spectroscopy in
medicine and biotechnology. Research works in the field of medicine and biotechnology are analysed
in terms of showing the common connections of some studies as caretenoids and lipids. Second,
this article summarises some of the recent advances in Raman microspectroscopy applications in
areas related to microalgal detection. Strategies based on Raman spectroscopy provide potential
for biochemical-composition analysis and imaging of living microalgal cells, in situ and in vivo.
Finally, current approaches used in the papers presented show the advantages, perspectives, and
other essential specifics of the method applied to plants and other species/objects.

Keywords: carotenoids; lipid droplets; microalgae; Raman spectroscopy; Surface-enhanced Ra-
man Spectroscopy
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1. Introduction

In recent decades, Raman spectroscopy (RS) has been used in several studies on animal
cells [1–3]. The method is popular among biophysicists and life science researchers. RS
allows for the study of living cells in their natural conditions without any damage [4,5].
Nowadays, we can see a significant increase in the use of RS in plants, and especially in
algae research.

RS is a well-known approach used in many of biomedical studies. Since biomolecules
are involved, the main obstacle to the use of such methods in life science research is the
low signal of Raman scattering. There are a number of modifications of RS that allow
Raman scattering to be improved. There are existing approaches to detect Raman signals
not only on the surface of human skin, but also inside the vasculature and various organs
of patients.

In this review, we have attempted to cover the list of modifications of RS applied to
biological and medical research; moreover, algal research, and especially to understand
more detailed mechanisms related to the biosynthesis and transport of lipid droplets/fatty
acids and carotenoids. It is important to note that algal research might represent an interest
in terms of carotenoids production and further application of carotenoids for medical
treatment of human diseases.

We have also covered studies on human cells [1,2] and microalgae [6,7] that we thought
would be useful to introduce to the reader, especially in view of future studies of the use of
algae. We have tried to cover the variety of algal species that have been used in different
studies with the application of RS and its modifications. Figure 1 provides a schematic
of the different research areas in which RS can be used. Biotechnological, biomedical,
photosynthetic, and analytical research applications of RS are the main interest of this
particular review.
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Figure 1. Application of RS in different research.

2. The Principles of the Method of Raman Spectroscopy

Figure 2 shows the energy transition of Rayleigh and Raman scattering. The former
(Rayleigh) is based on the principle that the frequency of the absorbed and scattered photon
does not change—elastic scattering. In the latter (Raman), on the other hand, there is a shift
in frequency of the scattered photon (change in energy or change in wavelength)—inelastic
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scattering. It is also essential to note that Raman scattering is divided into Stokes and
anti-Stokes shifts. The Stokes shift is more likely because it is associated with the shift of
the binding maxima to the longer wavelengths (the energy and frequency of the scattered
photon are correspondingly lower than those of the absorbed photon—see Figure 2). The
anti-Stokes shift, on the other hand, is less likely. It results from the shift of the binding
maxima to the shorter wavelengths (energy and frequency of the scattered photon are
correspondingly higher than those of the absorbed photon—see Figure 2).
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Figure 2. Energy transition of Rayleigh and Raman scattering.

In order to increase the sensitivity and resolution capability of the method, scientists
use the approach based on the surface plasmon resonance effect. The electrons on the
surface of the metal (silver and/or gold nanoparticles) oscillate. At a certain point, the
frequency of the photon resonates with the frequency of the surface electrons. The surface
plasmons substantially enhance the local electric field of the incident light (on the molecules
near the surface’s vicinity of the metal nanoparticles) [8]. In recent decades, this effect has
been used to modify the method of RS to apply it in biological and medical research.

3. Raman Spectroscopy and Its Modifications: Advantages and Use

There are many variants of Raman spectroscopy, all of which use the phenomenon
of Raman scattering in different ways (Figure 3). The choice of which variant to use for a
particular measurement depends on inherent factors, such as the complexity of the sample
and/or the concentrations of the target analyses.

The popularity of the RS method among biophysicists around the world is explained
by a list of advantages of the method. RS is a non-invasive, rapid, and sensitive method for
in vitro investigations [10–12]. Usually we face an obstacle—the biomolecules are present
in the cell in very low concentrations, so the Raman scattering/signal is very low. To
enhance the Raman scattering signal, the modifications of the method can be used (see
Table 1), such as surface-enhanced Raman spectroscopy (SERS), coherent anti-Stokes Raman
scattering (CARS), surface-enhanced Raman Spectroscopy (SERCS) [13], and micro-Raman
spectroscopy [14].
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Figure 3. “Family tree” of the RS. The relatively simple RS is the root of the complex surface-
enhanced, resonance-enhanced time—and spatially-resolved techniques. Abbreviations: SERS,
Surface-enhanced Raman Spectroscopy; CARS, coherent anti-Stokes Raman spectroscopy; RRS,
resonance-enhanced Raman scattering; SORS, spatially offset Raman spectroscopy. Modified from
Buckley and Ryder [9].

Table 1. The list of modifications of RS with details of the objects and molecules of interest with
reference numbers of the papers used in the article.

Modification of Method Object Biomolecules Reference/Link Number

Coherent anti-Stokes Raman scattering
(CARS) and microscopy microalgae lipids, carotenoids [4,15–17]

Confocal Raman microscopy microalgae, algae lipids [18,19]

Raman micro spectroscopy algae, animals lipids, carotenoids [2,5,20]

Resonance Raman spectroscopy (RRS) bacteria, microalgae carotenoids [7,19,21]

Single-cell Raman spectroscopy (SCRS) microalgae lipids [22,23]

Surface-enhanced Raman
spectroscopy (SERS)

animals, bacteria,
microalgae

lipids, carotenoids,
proteins [1,2,6,10,14,24]

As mentioned earlier, there is a special mechanism of Raman scattering (plasmon
resonance) enhancement for modifications such as SERS. Moreover, each modification of
the method can solve a specific task/objective.

The following sections describe the most commonly used types of RS.
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3.1. Surface-Enhanced Raman Spectroscopy (SERS)

There are several clinical trials in progress with SERS. Sample types include blood [25,26],
saliva [27], and tears. As reported in articles from two studies, SERS had a susceptibility
of 80.7% and 84.1% in detecting squamous cell carcinoma of the oral cavity by analysing
blood [28]. Therefore, the tests show that SERS biofluid is suitable as a sample and relies
on metal nanoparticles for signal amplification. The status of clinical trials is important for
the understanding and future prospect of SERS and Raman spectroscopy [29].

3.2. Coherent Anti-Stokes Raman Scattering (CARS)

Conventional Raman spectroscopy uses only a CW laser to generate spectra, while
CARS and SRS use two pulsed lasers with different wavelengths to enable nonlinear optical
motions. CARS microscopy can form an optical contrast of endogenous chemical structures,
which is popular in various fields of biomedicine as it can provide a high-resolution image.
For example, CARS microscopy has been used to visualise tissue structures, skin [30], lung,
kidney, and retina [31]. Consequently, CARS has been able to obtain micron-level images
of brain slices, which has worked well in cancer diagnosis [32]. Concrete prostatectomy
is considered the most popular method in civilised countries for curing members of the
stronger sex with clinically localised prostate cancer. In this surgery, the entire prostate is
removed, but the urinary ball is reunited with the urethra [33].

3.3. Resonance Raman Spectroscopy (RRS)

One of the drawbacks of Raman spectroscopy is the low signal intensity. This draw-
back can be corrected with RRS. By matching the wavelength of laser excitation to the
electrical absorption maximum of a particular chemical, the Raman signal of certain bands
is enhanced. The study was used for a multifaceted study of haemoglobin, and the release
of cytochrome-c from mitochondria during apoptosis was also studied. Okada et al. [34] as
well as other scientists have used RRS to perform unlabelled studies of molecular dynamics
in apoptotic cells. Observation of mitochondrial membrane stained with the dye JC-1 using
RRS confirmed that the observed release of cytochrome was due to apoptosis.

3.4. Spatially Offset Raman Spectroscopy (SORS)

Although SORS technology may not be approved in any way for uniform diagnosis
of patients in our time, there are significant prospects for the eventual use of this tech-
nique in the clinic. Recent advances in medicine have shown SORS can be used in blood
testing, such as assessing the quality of erythrocytes during blood transfusion in patients.
Vardaki et al. [35] have shown that SORS is able to profile changes in oxygenation when
stored for 6 weeks. It is well known that in blood transfusions, the chemical composition
of blood units changes differently from time to time. For this reason, a few units over the
years are by no means determinative of the relationship between erythrocytes properties.
Feng et al. [36] used SORS to measure subcortical bone and biochemical changes with
increasing depth in intact mouse bone.

4. Application of Raman Spectroscopy in Biomedical Research

Due to the non-invasive, fast, and highly sensitive advantages of RS and its modifica-
tions, there is considerable demand for its use in biomedical research, such as in studying
the structure and conformation of molecules of interest and investigating the mechanisms
of the drug action [10,11]. Nowadays, RS is used in vivo and ex vivo to solve various
biomedical issues, such as early cancer detection, monitoring the effects of different drugs
on the skin, determining the composition of atherosclerotic plaques, and rapid identifica-
tion of pathogenic microorganisms. Detailed information about the RS application can be
found in Figure 4.
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4.1. Disease Prediction

Early diagnosis of diseases, such as those that are life-threatening, is essential to
prevent their spread. Based on Raman light scattering, a diagnostic tool has been developed
to study important molecules and events in real-time using new RS technologies with high
sensitivity to biomolecular changes. In the last decades, there have been many publications
showing that RS is used to define several diseases [38]. RS is used to collect biochemical
information, such as biomolecules, cells, tissues, and organs, whose biomarkers are various
biological fluids, such as urine, saliva, blood, and tears. Selected biomarkers are analysed
and evaluated, revealing the relationship between Raman light scattering spectral indicators
and clinical condition [39].

Cancer is one of the most common causes of death worldwide and RS makes it possible
to diagnose undetected precancerous lesions in various organs, such as breast, skin, brain,
gastrointestinal tract, heart, urinary, and reproductive tracts [40]. Hsu et al. [41] investigated
that confocal Raman microscopy distinguishes intestinal tumours from adenocarcinomas
and normal, healthy organs. RS provides simple and immediate tissue identification during
surgery, which allows for cancerous organs to be distinguished from healthy tissue. Using
RS, the mechanism of malignant transformation of breast tissue has been studied with great
success [42].

The properties of blood vessels in a tumour mass of breast tissue were investigated by
Kopeć and Abramczyk [43] using a combination of Raman and atomic force microscopy
(AFM) imaging to determine biochemical composition. They found that individuals with
breast cancer had higher concentrations of glycogen and lactic acid as well as an increase
in the collagen–fibroblast network. An excellent, recent study by Winnard et al. [44]
demonstrated the potential of RS in characterising organ-specific metastatic lesions at the
molecular level to gain insight into metastatic progression. In this study, they used the
combinatorial approach of RS and metabolomics. The stromal adjustments that occur
in pre-metastatic lungs caused by breast cancer were analysed using RS. This work was
performed with mouse lines in which mice were implanted with breast cancer cells with
different metastatic potential. Changes in the extracellular matrix of the congested lungs,
such as an increase in collagen and proteoglycan, were examined, and this was directly
related to the metastatic potential of the breast cancer cells used [45].
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Ryzhikova et al. [46] have shown that RS can be used effectively for the diagnosis of
Alzheimer’s disease (AD). The novelty of this work is that it is based on the analysis of
cerebrospinal fluid (CSF), while the other research has focused on different body fluids for
the detection of AD. It is important to emphasise that CSF is the most relevant body fluid
for detecting AD. The group of Ryzhikova et al. [46] suggests that early detection of AD is
potentially possible using RS. It is expected that the method will be repeated on a larger
subject population.

Lednev group [47,48] diagnosed early AD in saliva and serum with potential biomark-
ers using RS in combination with machine learning. This project aimed to use Raman
hyper-spectroscopy in combination with machine learning. New methods were developed
to diagnose AD based on the analysis of biological material, such as saliva. The group
used biological material from saliva samples from a normal person with AD and mild
cognitive impairment. In the end, it turned out that Raman hyper-spectroscopic analysis
of saliva could be effective for an accurate diagnostic method in the early stages of AD.
It is also possible to diagnose lung cancer with high accuracy at an early stage, as shown
by the studies of Shin et al. [49] using a combination of SERS spectra and deep learning
diseases. The advantage of this method is that tissue can be seen in the near-infrared region
of the electromagnetic spectrum, which in combination with the RS instrument as well
as multivariate data analysis, has become an accurately reproducible and non-invasive
method for studying tissue pathology.

Barnas et al. [50] used Fourier transform infrared (FTIR) and RS to study endometrial
hyperplasia and cancer. The study was performed on tissues from three groups of patients:
normal control patients, patients with atypical hyperplasia, and patients with endometrial
cancer. It has been revealed that both methods are complementary in terms of tissue
examination. The results of the research suggest that the peaks of FTIR and Raman spectra
and the changes in the specific peaks (absence of the peak or shift of the peak) can be used
to distinguish cancer and atypical hyperplasia from normal endometrial tissue. Further
studies are needed to understand whether RS is indeed a practical approach to study
carcinogenesis.

SERS immunoassays have labelled/indirect or unlabelled configuration. Without
labels, the Raman measurement is based on the fingerprint of the bioanalyte, and the
labelled ones are identified by the spectrum of the Raman label. Therefore, labels without
labels are not as complex as the labels that make up the labels on metallic nanostructures.
Two systems were used to detect proteins, nucleotides, and fatty acids of lipids. The
changes that occurred in the bioassay were recorded and diagnosed with infectious and
non-infectious diseases [51]. Table 2 shows some examples of bioanalytes or diseases that
were detected using SERS.

Table 2. Bioanalytes/diseases detected using SERS.

Bioanalyte/Disease RS Substrate Reference

Cancer (blood plasma protein) Ag NPs [51]
Quantification of hepatitis B DNA Ag NPs [52]

Breast cancer tissue Ag NPs [53]
Sjogren’s syndrome from saliva Cl-Ag NPs [54]

Human tear uric acid SiO2 and Au [55]
Creatinine Nano-Au [56]
Mouse IgG Au NPs [57]

Single prostate cancer cells Au NPs [58]
Plasmodium falciparum DNA Magnetic beads [59]

HeLa cells Au NPs [60]
Gastritis Au NPs [61]

In addition, RS is used to analyse the serum of patients with AD, patients with other
types of dementia, and individuals from the control group. The results were analysed using
multivariate statistics for differential identification of patients with AD. The study was a
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confirmation of the concept; this proves that RS and artificial neural network classification
were able to differentiate patients with sensitivity and specificity of more than 90%, which
shows that a combination test can become a blood test that can support clinical evaluation
for effective and accurate differential diagnosis of AD [62].

4.2. Surgical Procedures

In medicine, much attention is paid to optical instruments based on RS, which con-
sist of intraoperative procedures in real-time. The benchmark for surgical guidance is
histopathology, which also involves surgical removal of tissue followed by staining and
examination under a microscope. This procedure takes a long time and in some cases,
results in multiple biopsies, which causes a great deal of discomfort and suffering in pa-
tients [49]. Therefore, a sensory system that can provide results during surgery is needed.
For example, endoscopic pain analysis before surgery, delineation of the sides of the lesion
during surgery, and changes of the single biopsy using RS can contribute to the absolute
removal of the affected tissue and reduce the cost of secondary assessments of the disease
and surgery [63].

Motz et al. [64] have developed a small diameter Raman probe with integrated filters
and a spherical lens to minimise low priority signals. In as little as one second, the
probe can show the spectra of arteries and breast tissue at different stages of pathology,
which is clinically useful. Jermyn et al. [65] studied cancers of multiple human organs
during surgery with 97% accuracy using a trimodal optical imaging system combining
Raman. Thus, the method demonstrated that molecular imaging with high sensitivity
could dramatically impact such areas of surgical and non-invasive oncological procedures
for tumour detection to reduce cancer risk and improve quality of life. Kircher et al. [66]
investigated the ternary status of magnetic resonance imaging—photoacoustic Raman
imaging of nanoparticles, which revealed brain tumour boundaries and visualised tumour
margins using RS. They used Raman imaging to ensure monitoring of intraoperative
tumour resection, and histologic interdependence proved that Raman imaging delineated
brain tumour boundaries. This latest trimodal aspect using nanoparticles can ensure the
clearest visualisation of even the resection of a brain tumour.

In addition, significant steps are being taken to integrate RS with other wide-field and
spectroscopic methods to provide additional data to support RS measurements. It has been
shown that cancer cells can be diagnosed in less than one second using the broadband
fluorescence method together with a Raman micro-spectrometer [67]. The trimodal optical
imaging system is a combination of Raman scattering, diffuse reflectance, and intrinsic
fluorescence spectroscopy, in which various cancer organs were detected during surgery
with 93%, 100%, and 97% accuracy [65]. Kircher et al. [66] also synthesised a nanoparticle
with three-component magnetic resonance imaging—photoacoustic and Raman imaging
with the aim of preoperative and intraoperative separation of the sides of the leading brain
tumour; the presence of this RS was used to visualise the sides of the tumour.

Nowadays, RS is increasingly used for cancer diagnosis and monitoring. As men-
tioned above, the improvement of algorithms for processing Raman signals, as well as the
development of new methods SERS and fibre-optic probes, may make it possible to obtain
results with high sensitivity and specificity and to apply RS approaches to cancer diagnosis.

4.3. Therapeutic Drug Monitoring (TDM)

Therapeutic drug monitoring (TDM) is an important method in clinical pharmacology
and clinical chemistry that aims to measure drug concentrations in human blood [54]. TDM
has been used in medical practice since the 1960s and mainly focuses on drugs with narrow
therapeutic targets [68–70].

TDM is more commonly referred to in clinical practice as the observation of drug
concentrations in biological fluids over time [69,71]. Karine is important for drugs with a
limited therapeutic index, where a low dose is prescribed when the difference in dosage
may lead to serious therapeutic consequences such, as drug toxicity and side effects [72].
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There is also increasing advocacy in the field of personalised medicine that will be useful
for measuring the plasma concentration of a drug at individual doses. Individualised
therapy planning in personalised medicine has become a great challenge for clinicians as
it is very successful in improving patient care, so that each patient can reduce drug costs
while receiving optimal treatment with minimal side effects.

Fei et al. [73] performed the synchronous pharmacokinetics of 6-mercaptopurine and
methimazole in the HeLa cell directions using the automated micro-fluid concept in the
SERS database, which is convenient for synergistic tumour targeting. Valves and gradient
generators can be used to adjust each of their chambers to deliver the required amount of
different active cells and drugs at specific concentrations. The aforementioned examples
also show that SERS is a robust method to determine the number of entrapped substances.

Nowadays, there is a crucial problem of how to distinguish expired and non-expired
drugs using a quick and non-invasive method. Current methods, such as HPLC, thin-layer
chromatography, are time-consuming and complicated. In contrast, RS is a rapid and
non-invasive method that can be used to examine expired and non-expired drugs. This is a
significant problem for the medical world [72,74].

The combination of AFM and RS can distinguish the characteristics of the nucleus and
cytoplasm in living cells. By combining both methods, a modification of RS can be devel-
oped: tip-enhanced Raman spectroscopy (TERS). Intracellular imaging with TERS has been
applied to HeLa cells. It has been shown that the regions of the nucleus and cytoplasm can
be effectively distinguished using this method, for which the local information within the
cell was obtained. Crucially, scientists have shown that the viability of the cell membrane is
very high (about 100%) after the AFM tip penetrates the cell membrane. The method has
significant potential for future use in studies where it is necessary to investigate the various
organelles and biomolecules within the cell [75].

4.4. Determination of Metabolites

Molecularly specific RS is well suited for profiling cellular metabolites, including
neurotransmitters, amino acids, lipids, glucose, and nucleic acids, as well as in biofluids.
Among all cellular metabolites, lipids are one of the most studied classes of biomolecules
because they have large Raman scattering cross-sections. Lipids rich in intracellular bodies
are referred to as lipid droplets, making their relationship to the physiological state of
the cell increasingly apparent [76]. RS exploits the promise of detecting and imaging
lipid droplets for quantification in cancer cells, such as HuH7 and colorectal cancer stem
cells [77].

RS and its modifications are widely used in cell research. A variety of microalgae [6]
and human [1–3] cells are studied using SERS. It has been shown that information about
membrane lipids can be obtained, especially the conformation of membrane lipids and the
molecular environment [1].

RS has been used to study nerve myelin during excitation or the effect of neurotrans-
mitter on nerve fibre. It has been shown that the changes in the C–C bonds of the fatty
acids can be detected as well as the changes in the conformation [78]. This knowledge
will improve our understanding of the mechanisms of lipid–lipid interactions in myelin
and many processes associated with various diseases, such as multiple sclerosis, trauma
and AD.

It is important to add that human skin is exposed to ultraviolet and infrared radiation,
which is the cause of a number of diseases and ageing of human skin. Carotenoids are
considered antioxidants that can support the antioxidant status of the human epidermis [79].
RS is one of the most popular methods to study carotenoids. More knowledge about the
mechanisms of the photoprotective function of carotenoids is important for biomedical
research and the development of commercial products. Similarly, Gellermann et al. [80]
used resonant Raman scattering spectroscopy (RRSS) as a novel, non-invasive, in vivo
optical technique to measure the concentration of the carotenoid pigments, lutein and
zeaxanthin, in the human retina of adolescents and adults. Using RRSS, they found an
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apparent decrease in macular pigment concentration during the normal ageing process.
They suggested the use of RS to measure macular carotenoids as a promising technology.

Ermakov et al. [81] reported that the RS technique has the potential for novel, rapid
screening for carotenoid antioxidants in the largest populations at risk of vision loss due to
age-related macular degeneration, an important precondition for blindness in the elderly
in mature societies.

The method of RS is becoming increasingly popular in biological research.
Valpapuram et al. [82] proposed a new technique combining optical biosensing and Raman
micro spectroscopy. The particular advantage of this method is its ability to reduce the
background signal and thus improve the signal-to-noise ratio. The researchers have shown
that the combination of optical bio-sensing and Raman micro spectroscopy is a far more
informative method than the conventional RS.

SERS has been used to spatially localise neurotransmitters on living cells and to
study protein–neurotransmitter interactions [83,84]. Although it offers the best detection
limits, the toxicity of metal nanoparticles in vivo limits its use [85]. Manciu et al. [86] have
also demonstrated the usefulness of confocal RS for rapid detection of neurotransmitter
predictions, but their studies were limited by in vitro spiked material. They propose real-
time detection of serotonin, adenosine, and dopamine in vitro, but in addition, diffusion
of dopamine in a heterogeneous base gel used as a surrogate for neural tissue. Raman
mapping was performed using alpha 300 WITec confocal Raman system to obtain non-
overlapping spectral data of neurotransmitters. Their work demonstrates the power of
Raman spectroscopy in the biological sciences and likely provides a novel mechanism for
testing the adaptability and kinetics that stimulate the brain [86].

A rapid, non-invasive, label-free approach to biological studies is currently essential
for scientific purposes. However, RS has some limitations—it requires longer acquisition
times and it is not possible to optically slice the collected signal. This makes it difficult to
use RS for tissue research alone. Therefore, Marchetti et al. [87] combined three methods:
multiphoton microscopy, fluorescence lifetime imaging microscopy, and RS to perform an
efficient study of tissues ex vivo. The mentioned tailored technique is a promising approach
to expand the application of RS in biological research.

The use of the RS method in medical studies is becoming more common. For example,
RS is used in dentistry. The short- and long-term effects of demineralization can be studied
using the RS tool. The major advantage of RS is that it is non-invasive while providing
a high degree of sensitivity. In the study of Marin et al. [88], quantitative information on
the crystalline structure of the phosphate groups and the loss of the mineral fraction in the
organic collagen matrix was discovered.

Nowadays, a precise, fast, and direct analysis tool is needed. The capillary sensor
SERS, developed by the group of Arabi et al. [89], is proposed as an ultrasensitive tool and
used for protein analysis. Trypsin is a protein that can be used as a biomarker (in urine) for
the diagnosis of pancreatitis. The idea is that this approach can be effectively used for early
diagnosis of the disease. In addition, and to test the feasibility of the tool, other biological
fluids such as saliva and sweat have also been measured. The microsensors are relatively
quick and inexpensive to produce.

Another application of RS in biological studies is high-throughput screening Raman
spectroscopy (HTS-RS)—presented in the work of Arend et al. [90]. This application
is a customised platform for single-cell analysis. In the study in which the group of
Arend et al. [90] examined the different types of neutrophils, both infected and uninfected,
it has been shown that this type of platform can potentially help to speed up the diagnosis
of pathogens. Currently, the routine for such analyses takes 1 working day.

It has been discovered that RS can be used effectively in chronic renal failure (CRF) to
differentiate patients with this disease from healthy patients. The group of Chen et al. [74]
conducted a study on 47 samples from patients with CRF and 54 samples from control
subjects. There is a prospect that the application used, which can be effectively utilised
as a rapid diagnostic method for CRF. The plasma RS has been effectively used to study
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giant unilamellar vesicles (GUV)—simplified models of cellular plasma membranes [91].
The group of Collard et al. [91] has applied the modification of RS in combination with
holographic optical tweezers (HOT): HOT-Raman microscopy for the study of curvature
gradients on lipid order and cholesterol segregation in GUVs. The RS provides an overall
estimate of cholesterol concentration for both leaflets of the bilayer. Importantly, the
proposed method also allows for obtaining multiple Raman spectra from different regions
of the lipid vesicle.

Raman spectroscopy is a promising high-sense diagnostic method for assessing the
oxygen transport function of erythrocytes. Haemoglobin accounts for >95% of the dry
weight of erythrocytes and is a suitable subject for RS to study the conformation of globin
and haeme. To assess the conformational state of the active site of haemoglobin, we
use special Raman spectra to study the conformation of deoxyhaemoglobin (d- Hb) and
oxyhaemoglobin (o- Hb), as well as the ability to release oxygen. This approach is important
for monitoring changes in the ability of haemoglobin in erythrocytes to carry oxygen and,
accordingly, characterising the presence or development of hypoxia in patient tissues. RS
has been successfully used to analyse the properties of haemoglobin from healthy donors
and patients with various cardiovascular diseases [92,93], diabetes [94], and astronauts
after a long space flight [95], as well as for the analysis of animal models of cerebral
ischemia and reperfusion, haemorrhagic shock, etc. In addition, RS has been successfully
used in experiments to alter the properties of erythrocytes under in vitro conditions. A
promising application of RS is the study of the molecular mechanisms of the development
of pulmonary hypertension. In patients with IPAH with a typical hemodynamic picture,
changes in the ability of hematoporphyrin of Hb to bind O2 have been detected [96].

5. Biotechnology Application of Raman Spectroscopy

Biotechnology has become one of the most popular areas of research due to the
demand for a number of molecules that are important for different types of practical
applications [97]. Wang et al. provided a comprehensive and critical review of the most
recent advances in the application of RS-enabled technologies, with focus on biomolecular
applications in environmental and biotechnological fields [98].

Bioprospecting and mutagenesis are two important strategies that have been studied
in the development of algae-based biofuels [18]. Considering these two strategies, there is
a need to optimise biofuel production. The ability to rapidly characterise the accumulating
algal lipids is essential for algal bioproduction. Confocal Raman microscopy can accomplish
this task and it is also possible to localise lipid-rich regions within microalgal cells with high
spatial resolution [18]. Among the existing methods, RS is the one that does not require
additional long preparations of the research object.

It has been investigated that the chemical composition of lipid droplets can be obtained
by using RS. It is claimed that the combination of CARS (coherent) and Raman micro-
spectroscopy would allow accurate determination of the harvesting times for algae [4]. This
is supposed to be one of the valuable interests in modern biotechnology.

It has been revealed that another modification of RS—single-cell Raman spectroscopy
(SCRS) is applicable for gathering information about the lipid content of the cells and the
degree of lipid unsaturation [22].

RS is one of the techniques that can fill some gaps in our knowledge of the synthesis
and storage of biomolecules in algae [21].

5.1. Application of Raman Spectroscopy in Algae Studies

In algal research, RS has been used to analyse pigments, proteins, carbohydrates, and
lipids [98–102] (Figure 5). Huang et al. [14] investigated the composition of microalgae to
analyse them using confocal Raman microscopy. The scientists collected Raman spectra
while using a 532 nm laser and found a strong background of fluorescence as a function
of temporal behaviour. They also used RS to analyse the resolution of individual cells of
microalgae. Kaczor et al. [103] published a study on the state of nutrients of single cells of
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microalgae and the visualisation of astaxanthin in a cell of microalgae, visualising Raman
in situ with a 1064 nm laser. Laser capture Raman spectroscopy and a combination of laser
capture and micro-Raman spectroscopy were developed by researchers Wu et al. [23] in
which the lipid composition of microalgae was analysed using a single cell. For example,
Hosokawa et al. [104] used the confocal Raman microscopy method to quantitatively
monitor lipids based on a single cell. A brief report on the prospects for algal research based
on RS was given in two published review articles [105,106]. Wei et al. [106] have reviewed
some of the recent advances in RS applications in areas related to microalgae. Strategies
based on RS provide tremendous potential for non-invasive biochemical-composition
analysis and imaging of living microalgal cells. The analysis of lipids carried out by the
ratiometric method has provided a solid basis, but to improve the quality of data collection
and to obtain an accurate analysis, one hundred percent adjustment of the data collection
parameters is required.
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showing applicability of RS to different aspects of algae.

In addition, the bioactive components of many microalgae species have been studied
using this Raman method. Micro-Raman spectroscopy is the most effective method for
studying biologically active additives. The most commonly used modifications are macro-
Raman spectrometry, single-cell micro-Raman spectrometry, and Surface-enhanced Raman
Spectroscopy (Table 3).
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Table 3. Summary of the bands observed in the Raman spectra of microalgae and contributing
bioactive compounds.

Bioactive Compounds Microalgal Strain
Name Type of RS Wavenumber Ref.

α-helix protein Arthrospira platensis Macro-Raman spectrometry 1574 cm−1 [107]

Amide bonds Arthrospira platensis Macro-Raman spectrometry 1400 cm−1 [107]

Antioxidant protein
enzyme Arthrospira platensis Macro-Raman spectrometry 1030 and 1120 cm−1 [107]

Polyphosphates Phaeodactylum
tricornutum

Single-cell micro-Raman
spectrometry 1160 cm−1 [107]

ß-carotene Phaeodactylum
tricornutum

Single-cell micro-Raman
spectrometry 1522 cm−1 [107]

ß-carotene Dunaliella tertiolecta Resonance Raman spectrometry 1158 and 1527 cm−1 [108]

Triglyceride Chlorella sorokiniana Micro-Raman spectroscopy 2800 and 3000 cm−1
[14]

ß-carotenoid Neochloris oleoabundans Micro-Raman spectroscopy 1505 and 1535 cm−1

ß-carotene Chlorella sorokiniana Raman micro-spectroscopy 1515 and 1157 cm−1 [109]

Astaxanthin Chlainomonas sp. Micro-Raman spectroscopy 1520 and 1156 cm−1

[20]Astaxanthin Chlamydomonas nivalis Micro-Raman spectroscopy 1520 and 1156 cm−1

Violaxanthin Chloromonas nivalis Micro-Raman spectroscopy 1525 cm−1

Antheraxanthin Chloromonas nivalis Micro-Raman spectroscopy 1523 cm−1

Myxoxanthophyll Botrydiopsis alpina Micro-Raman spectroscopy 1527 cm−1

[110]Neoxanthin Dunaliella parva Micro-Raman spectroscopy 1525 and 1530 cm−1

Chlorophyll c Dunaliella tertiolecta Micro-Raman spectroscopy 1670 cm−1

Lipid Botryococcus brauniiis Micro-Raman spectroscopy 1640 and 1674 cm−1 [111]

FAME Scenedemus quadricauda Surface-enhanced Raman
spectroscopy

1430, 1157, 1544, 1257,
1307, 961 and 596 cm−1 [112]

As shown in Table 1, two species of microalgae were studied using single-cell micro-
and macro- RS methods. Arthrospira platensis was the highest with 1118, 1403, and
1576 cm−1. The significant changes (1118, 1403, and 1576 cm−1) are explained by consider-
able differences in the structure of secondary proteins, especially amide bonds (1400 cm−1)
and the α-helix (1574 cm−1) [113,114]. Furthermore, Venkatesan et al. [115] indicated
that the wavenumbers of Arthrospira platensis (1030–1120 cm−1) are responsible for the
presence of antioxidant protein enzymes. Phaeodactylum tricornutum was found to have
high wavenumbers of 1522 and 1160 cm−1. Moudříková et al. [116] found that 1160 cm−1

corresponds to the polyphosphate-positive groups of microalgae. The authors used RS
for quantification as well as for localisation of polyphosphate reserves within an algal cell.
These authors improved the method by extracting polyphosphate with phenol–chloroform
and by purifying the extract through ethanol precipitation. Wei et al. [106] noted that
they (1518–1525 cm−1) correspond to the C–C regions of β-carotene, which are mainly
present in the non-polar phase of microalgae. Brahma et al. [108] observed the strongest
peaks around 1527 and 1158 cm−1 in Dunaliella tertiolecta associated with carotenoid pig-
ments. Huang et al. [14] studied Chlorella sorokiniana and Neochloris oleoabundans. Chlorella
sorokiniana had strong peaks at 2800 and 3000 cm−1. Further support for the use of
a broad band of wavenumbers for lipid identification is provided by several previous
CARS studies that used peak positions at 2840 or 2845 cm−1 for lipid identification [106].
Osterrothová et al. [20] tested the possibilities of Raman micro-spectroscopy for the deter-
mination of carotenoid pigments, both primary (lutein, β-carotene) and secondary (astaxan-
thin) carotenoids. The components of the xanthophyll cycle, violaxanthin (1525 cm−1) and
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antheraxanthin (1523 cm−1), can also contribute to a shift in the position of the ν1 (C=C)
band. Strong carotenoid signals were observed by Jehlička et al. [117] in Botrydiopsis alpina
at 1527 cm−1. In Dunaliella parva, the secondary carotenoid neoxanthin was found at 1525
and 1530 cm−1.

B. brauniii is a classic producer of liquid hydrocarbons known as botryococci, which
can be used as fuel. Weiss et al. [111] have obtained Raman spectra of hydrocarbons isolated
from B. brauniicells. By comparison with the Raman spectra of pure squalene and computer
analysis, they found that the Raman bands at 1640 cm−1 and 1647 cm−1 were related to
the stretching of the C=C bond in the botryococcus branch and the methylene C=C bond.
produced by methylation, respectively.

Compared with the standard fatty acid mixture, the main SERS peaks obtained from
the cells of S. quadricauda are at 1430, 1157, 1544, 1257, 1307, 961, and 596 cm−1, which is in
good agreement with the literature data [22,112,118].

5.1.1. Raman Spectroscopy Applied to Lipid

Normally, lipid droplets are assumed to be cellular structures that function only as
static lipid storage depots. Recently, however, it has become apparent that lipid droplets
may be multifunctional organelles [119,120]. Considering the information available so far,
there is a need for deeper research into lipid droplets—their structures and functions in cells.
Nowadays, there is a hypothesis that lipid droplets may be involved in the biosynthesis and
transport of carotenoids in the cell [121]. It is known that the biosynthesis of the carotenoid
astaxanthin is accompanied by a massive accumulation of lipids [122].

Another interesting finding is that the membrane fluidity of cyanobacteria can change
when the temperature is lowered [123]. This is thought to be due to the desaturation of
fatty acids in the membranes [124]. RS is an attractive alternative for lipid detection that
has not yet been sufficiently exploited in microalgae. Mostly this is because RS is hampered
in photosynthetic organisms by strong autofluorescence of the pigments, which obscures
the characteristic Raman spectral features.

The intensities of the Raman spectral peaks correspond to the saturated and unsat-
urated C–C bonds in lipid molecules. This information is used to estimate the degree of
unsaturation in lipid bodies/droplets [4,5,15,16,18]. It has been shown that Raman micro
spectrometry can be used to study the triacylglycerols (TAG) content and accumulation [21],
providing a new view of the biosynthesis of fatty acids in the microalgae.

Several authors have shown that the RM methods are suitable for biodiesel production
from microalgae to determine the FAs content. Wu et al. [23] demonstrated a method for
direct quantitative and in vivo lipid profiling of oil-producing microalgae using single-cell
RS laser capture. This approach shows that lipids in microalgae determine the quantitative
degree of unsaturation and the transition temperature. As the authors stated, the above
factors can be measured on a single living cell of a microalga held in place with an optical
trap while Raman data is collected. Raman is used in the study of FAs from microalgae for
biofuel production and has shown analytical capabilities and quantification algorithms to
be useful in many different organisms and lipidomics (Figure 6).
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Another ability of Raman microscopy reported by Samek et al. [5] showed how the
useful iodine number in lipid bodies in Chlamydomonas sp. CCALA can be determined
from living algal cells. At the same time, the characteristic peaks in the Raman light spectra
at 1656 cm−1 and 1445 cm−1 were used as markers for fatty acids in algae lipids, indicating
the ratio of unsaturated and saturated carbon-carbon bonds [5].

He et al. [19] investigated the accumulation of separation of TAG in Coccomyxa subellip-
soidea cells in the presence of N-depletion using the broadband CARS concept. Compared
to simple Raman imaging, CARS microscopy showed intrinsic advantages in detection
speed and spatial resolution, but the concept of CARS imaging was limited by overlapping
signals, such as two-photon-excited fluorescence.

Yan et al. reviewed several RS methods in cell sorting to understand the metabolic
interactions between bacteria in natural habitat. This review shows current knowledge
about the research progress of recognition and assessment of single microorganism cell.
The group summarised that Raman-activated cell sorting can be suitable method for cell
recognition in application [125].

Thus, Raman spectrometer is used in microalgal biotechnology to screen species for
highly concentrated fatty acid mutants [18]. There are two major strategies in algal biofuels
development: bioprospecting and mutagenesis. This requires precise sorting and analysis
of a large number of algal isolates containing TAG; FACS and ratiometric Raman analysis
are the most suitable. Isolation of new algae from field samples can be carried out by UV
mutagenesis to increase lipid production. FACS can be used to sample mutant populations
and strains that alter lipid production during UV mutagenesis. Central to this workflow is
confocal Raman microscopy, which allows for characterisation of the lipids produced by
the algae in situ and rapid extraction of lipids from the cells. Raman hyper-spectroscopy
is used to localise the lipid-rich region with a low pixel density, allowing faster Raman
hyper-spectroscopy imaging. Confocal Raman microscopy characterises the lipid content
(Figure 7).



Cells 2022, 11, 386 16 of 25Cells 2022, 11, x FOR PEER REVIEW 16 of 25 
 

 

 

Figure 7. The schematic view in lipid characterisation of microalgae. Bioprospecting of C. reinhardtii 

is performed to generate algal samples with lipid content. The mutagens are sorted by FACS based 

on the fluorescence of a dye to select cells with high lipid content. The selected cells and mutants 

are then screened using CRM. This method allows for rapid characterisation of lipids. The spectra 

yield depends on the number of C=C bonds and the length of the hydrocarbon chains of the lipid 

molecules. This workflow enables rapid characterisation of cells for molecular traits that are im-

portant for the production of biodiesel. Modified from Sharma et al [18]. 

5.1.2. Application of Raman Spectroscopy on Pigment Investigation in Microalgae 

Thus, considering the spectra of the pigments, they are very sensitive to the excitation 

energy and contribute to a large extent to the Raman spectra of many algae [108,125–128]. 

Chen et al. showed that when a long excitation wavelength of 488 nm is used, the strongest 

and most abundant peaks of chlorophyll-d coincide with the peaks of chlorophyll a and 

chlorophyll b [129]. β-Carotene has intense peaks at 1150 cm−1, 1520 cm−1, and 1008 cm−1, 

and the most important overtone peaks at 2320 cm−1 and 2667 cm−1 [130–133]. In addition, 

due to the identical chemical structure, it is expected that a large number of compounds 

of both chlorophyll and carotenoids will have similar spectra. 

Furthermore, because of the similar chemical structure, we would expect different 

chlorophyll compounds to give similar spectra and different carotenoids to give similar 

spectra. Therefore, the major Raman peaks associated with chlorophyll d and β-carotene 

can be used to represent common chlorophylls and carotenoids. The standard spectra of 

chlorophyll d and β-carotene are shown together with the experimental spectra of algae 

(Figure 8). 

 

Figure 8. The Raman spectrum of carotenoid [132], chlorophyll [129], and triglyceride and the mean 

spectra acquired for starved C. sorokiniana and starved N. oleoabundans in the wavenumber regions 

of 750–1750 cm−1 and 2450–3150 cm−1. Modified from Shutova et al. [134]. 

Several researchers have shown that RS methods are also suitable for the production 

of carotenoids by microalgae. Carotenoids are extremely important for human health 

[135]. Carotenoids are popular biomolecules for biomedical applications. Carotenoids are 

known to play the role of photoprotection molecules in the cells of phototrophs. 

Figure 7. The schematic view in lipid characterisation of microalgae. Bioprospecting of C. reinhardtii
is performed to generate algal samples with lipid content. The mutagens are sorted by FACS based
on the fluorescence of a dye to select cells with high lipid content. The selected cells and mutants are
then screened using CRM. This method allows for rapid characterisation of lipids. The spectra yield
depends on the number of C=C bonds and the length of the hydrocarbon chains of the lipid molecules.
This workflow enables rapid characterisation of cells for molecular traits that are important for the
production of biodiesel. Modified from Sharma et al [18].

5.1.2. Application of Raman Spectroscopy on Pigment Investigation in Microalgae

Thus, considering the spectra of the pigments, they are very sensitive to the excitation
energy and contribute to a large extent to the Raman spectra of many algae [108,125–128].
Chen et al. showed that when a long excitation wavelength of 488 nm is used, the strongest
and most abundant peaks of chlorophyll-d coincide with the peaks of chlorophyll a and
chlorophyll b [129]. β-Carotene has intense peaks at 1150 cm−1, 1520 cm−1, and 1008 cm−1,
and the most important overtone peaks at 2320 cm−1 and 2667 cm−1 [130–133]. In addition,
due to the identical chemical structure, it is expected that a large number of compounds of
both chlorophyll and carotenoids will have similar spectra.

Furthermore, because of the similar chemical structure, we would expect different
chlorophyll compounds to give similar spectra and different carotenoids to give similar
spectra. Therefore, the major Raman peaks associated with chlorophyll d and β-carotene
can be used to represent common chlorophylls and carotenoids. The standard spectra of
chlorophyll d and β-carotene are shown together with the experimental spectra of algae
(Figure 8).
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750–1750 cm−1 and 2450–3150 cm−1. Modified from Shutova et al. [134].

Several researchers have shown that RS methods are also suitable for the production
of carotenoids by microalgae. Carotenoids are extremely important for human health [135].
Carotenoids are popular biomolecules for biomedical applications. Carotenoids are known
to play the role of photoprotection molecules in the cells of phototrophs. Secondary
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carotenoids are also of interest as secondary carotenogenesis is thought to be the stress
response of the cell [121].

It is also believed that carotenogenic microalgae can survive in a wide range of environ-
mental conditions [136]. Nowadays, the analysis of carotenoids in algae is performed using
high-performance liquid chromatography (HPLC). However, it is important to emphasise
that RS can be used for a more detailed analysis of carotenoids in algal cells [17,20,24]. In
addition, the development of RS, which will be applied to algae in the future, can be used
for real-time research of algal combination in nature.

Jehlička et al. [7] studied how RS can be used to identify various carotenoids as well
as probable biomarkers in algae. A number of laboratory grown algae with different
taxonomic groups were studied. The results showed that RS is considered an optimal tool
for assessing the presence of carotenoids in a given organism. The comparison was made
with the HPLC method to examine the pigments in the concentrates. In summary Raman
spectroscopy can be used for the detection of carotenoids and other pigments in algae.

Osterrothová et al. [20] tested the abilities of RS to determine carotenoid pigments—
both basic (lutein, β-carotene) and secondary (astaxanthin) carotenoids—in different species
of Chlamydomonadales algae. They also compared the performance of RS with a standard
biological pigment analysis method, such as HPLC. They described the carotenoids of
algae using a combination of resonance RS and HPLC, also creating a spectral library for
different stages of the algal life cycle. A comprehensive study to find pigments in biomass
can show results with HPLC. However, this method requires the extraction of pigments
from the biomass, which can lead to data loss (e.g., protein/lipid interactions). Raman
macro–microscopy, however, makes it possible to quickly reveal the pigments of single
cells, which is another advantage, especially when the heterogeneous nature of the cells is
taken into account.

To map the changes in the composition of β-carotene and AXT in different cellular
morphotypes of H. pluvialis, Collins et al. [137] used a confocal Raman microscope at
532 nm laser excitation. Using a multivariate curve, several readable spectral components
were extracted from the data describing Raman scattering and fluorescence of active
H. pluvialis cells at different life stages. Based on the results, they were able to determine
the arrangement of the different pigments in the cells at different time periods. They
also concluded that β-carotene can be considered as an ancestor of AXT and a site for
the synthesis of AXT. Their study shows that Raman micro-spectroscopy is an important
method for studying in vivo changes stimulated by the environment in the life cycle
of microalgae.

In their study, Chiu et al. [138] demonstrated for the first time that RS can be used
to quantify starch in addition to lipids in algal cells. Because RS is so simple and non-
destructive, it is ideal for further investigation of the starch–lipid shift mechanism.

RS provides information about the vibrations of bonds in molecules. This approach
is used for the study of carotenoids. It has been shown that changes in the molecular
environment (such as pH change) affect the specific bands (Figure 8) in the carotenoids’
spectra [134].

This is particularly attractive for applied sciences, such as biotechnology and biomedicine.

6. Raman Spectroscopy for Photosynthetic Studies

Photosynthesis is the most basic and important process on earth. It is the natural
way of synthesising carbohydrates using solar energy. Scientists from all over the world
are exploring it with a number of applications, one of which is Raman spectroscopy.
Findings from a number of recent studies on RS applied to photosynthetic organisms are
shared below.

Mishra et al. [139] recently conducted their study on Antarctic lichens using RS.
Antarctic lichens are organisms that can change their metabolism and photosynthetic
activity in response to changing environmental conditions. Hydration and dehydration
are the investigated triggers for the activation/deactivation of photosynthetic processes
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in the lichens. It has been revealed that photosynthetic activity is activated quite rapidly,
which contributes to the hypothesis that the photosynthetic apparatus and carotenoids
are not synthesised de novo in the early stages of photosynthesis. Another important
discovery made using RS, the bands/features of the pigment scytonemin, are present in
the Raman spectra of one of the lichens studied. There is a hypothesis that this pigment
plays a photoprotective role in the photobionts of algae and cyanobacteriae.

7. Raman Spectroscopy for Analytical Studies

There is an ongoing need for fast and accurate detection of melamine in dairy products.
Melamine is a compound that can be toxic above a certain level when added to food.
Therefore, it is important to propose an approach that allows accurate detection of the
toxic compound in food products. Liu et al. [120] proposed the SERS method using silver
nanoparticles (AgNPs). Not only SERS but also a colourimetric method was used for
this idea. The results showed that the colourimetric method can lead to false-positives in
detecting the presence of different compounds (AgNPs). The SERS method, on the other
hand, can overcome this limitation [120]. Importantly, the scientists suggested using both
methods in tandem to achieve accurate and rapid detection of melamine in dairy products.

Fentanyl is one of the most commonly used opioids. However, fentanyl and its
analogues caused numerous fatal drug overdose incidents. The problem raised by the
group of Mirsafavi et al. [140] is the need for novel analytical methods to effectively
distinguish fentanyl from its precursors. The vibrational spectra of this family of analytes
are quite similar, so it is difficult to solve the problem using conventional methods. The
SERS method enables the distinguishing of fentanyl and its precursors. This approach
would be an efficient and effective aid in the field of forensics.

8. Future Perspectives

In recent decades, RS has successfully emerged as a clinical tool for diagnostic, surgical,
and pathological applications. The creation of probes in conjunction with modern methods
of studying information has led to a surge in studies based on combinatorial light scattering.
However, when introducing RS into clinics, there are the major difficulties described in the
previous section, which should be overcome by close collaboration between clinicians, ma-
terial scientists, biomedical engineers, and spectroscopists. Artificial intelligence algorithms
are expected to be used to solve complex clinical issues, which will accelerate the work of
RS. In addition, the probes must be resistant to disinfection for daily use. Further advances
in scientific and technical research, which also guarantee a high signal-to-noise ratio with
the lowest laser excitation power in a short time, are accordingly worth examining in
order to use RS for intraoperative procedures. Nevertheless, introducing new technology
into the clinic remains a challenge, even though recent successes and prospects represent
meaningful ideas for us and inspire us to solve certain complex problems, opening the door
to an appreciable goal.

In addition, Raman spectroscopy is a common tool for detecting carotenoids in vari-
ous biological materials, including prokaryotic bacteria, aquatic plants, and lichens. The
resonant Raman amplification of the signals enables the detection of carotenoids at low
concentrations. In other cases, however, microorganisms also synthesise other pigments,
and the examples studied included their composition. In this case, the combinatorial scat-
tering ranges do not at all include a series of sudden bands corresponding to this carotene,
nor was there any significant broadening of the bands. The predominant carotenoid can be
seen in the spectra. However, it was not possible to use a unique excitation wavelength
from a range of microorganisms.

Raman spectroscopy can be used to detect the presence of carotenoids and other
pigments in cyanobacteria, microorganisms, and algae. The occurrence of colour combi-
nations in this organism is capable of producing small or moderately significant changes
in saturation and in the number of combinatorial scatter bands, which interferes with the
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likely unambiguous identification of carotenoid c due to shifts in power, particularly in the
position of the combinatorial scatter bands.

In recent years, RS has been widely used in research, including photosynthesis and an-
alytical research. However, very little research has been conducted on plant photosynthesis
using RS. Most research has been carried out to determine the composition of pigments in
cyanobacteria.

9. Conclusions

RS and a spectrum of different modifications of the RS method are increasingly used
in biological and medical research. RS is gradually becoming more popular among algae
experts. In the list of studies, it has been revealed that we can successfully detect and
analyse the Raman scattering signal of algae. This is important not only for biotechnology,
but also for a better understanding of the mechanisms of the biomolecule synthesis and
storage in algal cells. In this review, we have analysed and presented a number of existing
studies in biological, medical, analytical, photosynthetic, and algal research using RS. RS is
effectively and widely used for a variety of studies in animals and human research. We
have attempted to highlight that a greater focus on the application of RS in algal research
will be beneficial for biotechnological purposes and general knowledge of the mechanisms
of the biomolecule interactions in algae under natural/environmental conditions. It is
worth emphasising that RS is a very attractive and promising approach for algal research,
especially because of its advantages.
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Simultaneous FTIR and Raman Spectroscopy in Endometrial Atypical Hyperplasia and Cancer. Int. J. Mol. Sci. 2020, 21, 4828.
[CrossRef]

51. Lin, J.; Chen, R.; Feng, S.; Pan, J.; Li, Y.; Chen, G.; Cheng, M.; Huang, Z.; Yu, Y.; Zeng, H. A Novel Blood Plasma Analysis
Technique Combining Membrane Electrophoresis with Silver Nanoparticle-Based SERS Spectroscopy for Potential Applications
in Noninvasive Cancer Detection. Nanomed. Nanotechnol. Biol. Med. 2011, 7, 655–663. [CrossRef]

52. Batool, F.; Nawaz, H.; Majeed, M.I.; Rashid, N.; Bashir, S.; Akbar, S.; Abubakar, M.; Ahmad, S.; Ashraf, M.N.; Ali, S.; et al.
SERS-Based Viral Load Quantification of Hepatitis B Virus from PCR Products. Spectrochim. Acta Part A Mol. Biomol. Spectrosc.
2021, 255, 119722. [CrossRef]

53. Shen, L.; Du, Y.; Wei, N.; Li, Q.; Li, S.; Sun, T.; Xu, S.; Wang, H.; Man, X.; Han, B. SERS Studies on Normal Epithelial and Cancer
Cells Derived from Clinical Breast Cancer Specimens. Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 2020, 237, 118364. [CrossRef]

54. Moisoiu, V.; Badarinza, M.; Stefancu, A.; Iancu, S.D.; Serban, O.; Leopold, N.; Fodor, D. Combining Surface-Enhanced Raman
Scattering (SERS) of Saliva and Two-Dimensional Shear Wave Elastography (2D-SWE) of the Parotid Glands in the Diagnosis of
Sjögren’s Syndrome. Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 2020, 235, 118267. [CrossRef] [PubMed]

http://doi.org/10.1073/pnas.0508282102
http://doi.org/10.1021/jp035693v
http://doi.org/10.1097/MOU.0b013e328336257a
http://doi.org/10.1073/pnas.1107524108
http://doi.org/10.1039/C8AN01509K
http://www.ncbi.nlm.nih.gov/pubmed/30357129
http://doi.org/10.1002/jbio.201600317
http://doi.org/10.1038/s41598-018-20233-3
http://www.ncbi.nlm.nih.gov/pubmed/29379121
http://doi.org/10.1002/bip.10064
http://doi.org/10.1021/acs.accounts.6b00472
http://doi.org/10.1155/2018/8619342
http://www.ncbi.nlm.nih.gov/pubmed/29977484
http://doi.org/10.1117/1.JBO.21.7.075006
http://doi.org/10.3892/ol.2020.11804
http://doi.org/10.1016/j.saa.2018.02.058
http://doi.org/10.18632/oncotarget.14865
http://www.ncbi.nlm.nih.gov/pubmed/28145887
http://doi.org/10.1158/0008-5472.CAN-16-1862
http://www.ncbi.nlm.nih.gov/pubmed/28069800
http://doi.org/10.1016/j.saa.2020.119188
http://www.ncbi.nlm.nih.gov/pubmed/33268033
http://doi.org/10.3233/JAD-190675
http://www.ncbi.nlm.nih.gov/pubmed/31524171
http://doi.org/10.1016/j.saa.2021.119603
http://doi.org/10.1021/acsnano.9b09119
http://doi.org/10.3390/ijms21144828
http://doi.org/10.1016/j.nano.2011.01.012
http://doi.org/10.1016/j.saa.2021.119722
http://doi.org/10.1016/j.saa.2020.118364
http://doi.org/10.1016/j.saa.2020.118267
http://www.ncbi.nlm.nih.gov/pubmed/32276224


Cells 2022, 11, 386 22 of 25

55. Narasimhan, V.; Siddique, R.H.; Park, H.; Choo, H. Bioinspired Disordered Flexible Metasurfaces for Human Tear Analysis Using
Broadband Surface-Enhanced Raman Scattering. ACS Omega 2020, 5, 12915–12922. [CrossRef] [PubMed]

56. Su, X.; Xu, Y.; Zhao, H.; Li, S.; Chen, L. Design and Preparation of Centrifugal Microfluidic Chip Integrated with SERS Detection
for Rapid Diagnostics. Talanta 2019, 194, 903–909. [CrossRef] [PubMed]

57. Frimpong, R.; Jang, W.; Kim, J.-H.; Driskell, J.D. Rapid Vertical Flow Immunoassay on AuNP Plasmonic Paper for SERS-Based
Point of Need Diagnostics. Talanta 2021, 223, 121739. [CrossRef] [PubMed]

58. Willner, M.R.; McMillan, K.S.; Graham, D.; Vikesland, P.J.; Zagnoni, M. Surface-Enhanced Raman Scattering Based Microfluidics
for Single-Cell Analysis. Anal. Chem. 2018, 90, 12004–12010. [CrossRef] [PubMed]

59. Ngo, H.T.; Gandra, N.; Fales, A.M.; Taylor, S.M.; Vo-Dinh, T. Sensitive DNA Detection and SNP Discrimination Using Ultrabright
SERS Nanorattles and Magnetic Beads for Malaria Diagnostics. Biosens. Bioelectron. 2016, 81, 8–14. [CrossRef]

60. Lu, F.-K.; Basu, S.; Igras, V.; Hoang, M.P.; Ji, M.; Fu, D.; Holtom, G.R.; Neel, V.A.; Freudiger, C.W.; Fisher, D.E.; et al. Label-Free
DNA Imaging in Vivo with Stimulated Raman Scattering Microscopy. Proc. Natl. Acad. Sci. USA 2015, 112, 11624–11629.
[CrossRef]

61. Harmsen, S.; Rogalla, S.; Huang, R.; Spaliviero, M.; Neuschmelting, V.; Hayakawa, Y.; Lee, Y.; Tailor, Y.; Toledo-Crow, R.; Kang,
J.W.; et al. Detection of Premalignant Gastrointestinal Lesions Using Surface-Enhanced Resonance Raman Scattering–Nanoparticle
Endoscopy. ACS Nano 2019, 13, 1354–1364. [CrossRef]

62. Ryzhikova, E.; Kazakov, O.; Halamkova, L.; Celmins, D.; Malone, P.; Molho, E.; Zimmerman, E.A.; Lednev, I.K. Raman
Spectroscopy of Blood Serum for Alzheimer’s Disease Diagnostics: Specificity Relative to Other Types of Dementia. J. Biophotonics
2015, 8, 584–596. [CrossRef]

63. Kong, K.; Rowlands, C.J.; Varma, S.; Perkins, W.; Leach, I.H.; Koloydenko, A.A.; Williams, H.C.; Notingher, I. Diagnosis of Tumors
during Tissue-Conserving Surgery with Integrated Autofluorescence and Raman Scattering Microscopy. Proc. Natl. Acad. Sci.
USA 2013, 110, 15189–15194. [CrossRef]

64. Motz, J.T.; Hunter, M.; Galindo, L.H.; Gardecki, J.A.; Kramer, J.R.; Dasari, R.R.; Feld, M.S. Optical Fiber Probe for Biomedical
Raman Spectroscopy. Appl. Opt. 2004, 43, 542–554. [CrossRef] [PubMed]

65. Jermyn, M.; Mercier, J.; Aubertin, K.; Desroches, J.; Urmey, K.; Karamchandiani, J.; Marple, E.; Guiot, M.-C.; Leblond, F.; Petrecca,
K. Highly Accurate Detection of Cancer In Situ with Intraoperative, Label-Free, Multimodal Optical Spectroscopy. Cancer Res.
2017, 77, 3942–3950. [CrossRef] [PubMed]

66. Kircher, M.F.; de la Zerda, A.; Jokerst, J.V.; Zavaleta, C.L.; Kempen, P.J.; Mittra, E.; Pitter, K.; Huang, R.; Campos, C.; Habte, F.;
et al. A Brain Tumor Molecular Imaging Strategy Using a New Triple-Modality MRI-Photoacoustic-Raman Nanoparticle. Nat.
Med. 2012, 18, 829–834. [CrossRef] [PubMed]

67. Lukic, A.; Dochow, S.; Bae, H.; Matz, G.; Latka, I.; Messerschmidt, B.; Schmitt, M.; Popp, J. Endoscopic Fiber Probe for Nonlinear
Spectroscopic Imaging. Optica 2017, 4, 496–501. [CrossRef]

68. Jaworska, A.; Fornasaro, S.; Sergo, V.; Bonifacio, A. Potential of Surface Enhanced Raman Spectroscopy (SERS) in Therapeutic
Drug Monitoring (TDM). A Critical Review. Biosensors 2016, 6, 47. [CrossRef]

69. Neef, C.; Touw, D.J.; Stolk, L.M. Therapeutic Drug Monitoring in Clinical Research. Pharm. Med. 2008, 22, 235–244. [CrossRef]
70. Kang, J.-S.; Lee, M.-H. Overview of Therapeutic Drug Monitoring. Korean J. Intern. Med. 2009, 24, 1–10. [CrossRef]
71. Lennard, L. Therapeutic Drug Monitoring of Antimetabolic Cytotoxic Drugs. Br. J. Clin. Pharmacol. 1999, 47, 131–143. [CrossRef]
72. Zhang, S.; Chen, H.; Li, R.; Yu, Z.; Lu, F. Raman Spectroscopy and Mapping Technique for the Identification of Expired Drugs.

Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 2020, 224, 117407. [CrossRef]
73. Fei, J.; Wu, L.; Zhang, Y.; Zong, S.; Wang, Z.; Cui, Y. Pharmacokinetics-on-a-Chip Using Label-Free SERS Technique for

Programmable Dual-Drug Analysis. ACS Sens. 2017, 2, 773–780. [CrossRef]
74. Chen, C.; Yang, L.; Li, H.; Chen, F.; Chen, C.; Gao, R.; Lv, X.; Tang, J. Raman Spectroscopy Combined with Multiple Algorithms

for Analysis and Rapid Screening of Chronic Renal Failure. Photodiagnosis Photodyn. Ther. 2020, 30, 101792. [CrossRef] [PubMed]
75. Shibata, T.; Furukawa, H.; Ito, Y.; Nagahama, M.; Hayashi, T.; Ishii-Teshima, M.; Nagai, M. Photocatalytic Nanofabrication and

Intracellular Raman Imaging of Living Cells with Functionalized AFM Probes. Micromachines 2020, 11, 495. [CrossRef] [PubMed]
76. Ohsaki, Y.; Cheng, J.; Fujita, A.; Tokumoto, T.; Fujimoto, T. Cytoplasmic Lipid Droplets Are Sites of Convergence of Proteasomal

and Autophagic Degradation of Apolipoprotein, B. Mol. Biol. Cell 2006, 17, 2674–2683. [CrossRef] [PubMed]
77. Samuel, A.Z.; Miyaoka, R.; Ando, M.; Gaebler, A.; Thiele, C.; Takeyama, H. Molecular Profiling of Lipid Droplets inside HuH7

Cells with Raman Micro-Spectroscopy. Commun. Biol. 2020, 3, 1–10. [CrossRef]
78. Rodionova, N.N.; Allakhverdiev, E.S.; Maksimov, G.V. Study of Myelin Structure Changes during the Nerve Fibers Demyelination.

PLoS ONE 2017, 12, e0185170. [CrossRef]
79. Akhalaya, M.Y.; Maksimov, G.V.; Rubin, A.B.; Lademann, J.; Darvin, M.E. Molecular Action Mechanisms of Solar Infrared

Radiation and Heat on Human Skin. Ageing Res. Rev. 2014, 16, 1–11. [CrossRef]
80. Gellermann, W.; Ermakov, I.V.; Ermakova, M.R.; McClane, R.W.; Zhao, D.-Y.; Bernstein, P.S. In Vivo Resonant Raman Measurement

of Macular Carotenoid Pigments in the Young and the Aging Human Retina. JOSA A 2002, 19, 1172–1186. [CrossRef]
81. Ermakov, I.V.; Ermakova, M.R.; Gellermann, W.; Lademann, J. Noninvasive Selective Detection of Lycopene and Beta-Carotene in

Human Skin Using Raman Spectroscopy. J. Biomed. Opt. 2004, 9, 332–338. [CrossRef]
82. Valpapuram, I.; Candeloro, P.; Coluccio, M.L.; Parrotta, E.I.; Giugni, A.; Das, G.; Cuda, G.; Di Fabrizio, E.; Perozziello, G.

Waveguiding and SERS Simplified Raman Spectroscopy on Biological Samples. Biosensors 2019, 9, 37. [CrossRef]

http://doi.org/10.1021/acsomega.0c00677
http://www.ncbi.nlm.nih.gov/pubmed/32548475
http://doi.org/10.1016/j.talanta.2018.11.014
http://www.ncbi.nlm.nih.gov/pubmed/30609623
http://doi.org/10.1016/j.talanta.2020.121739
http://www.ncbi.nlm.nih.gov/pubmed/33298265
http://doi.org/10.1021/acs.analchem.8b02636
http://www.ncbi.nlm.nih.gov/pubmed/30230817
http://doi.org/10.1016/j.bios.2016.01.073
http://doi.org/10.1073/pnas.1515121112
http://doi.org/10.1021/acsnano.8b06808
http://doi.org/10.1002/jbio.201400060
http://doi.org/10.1073/pnas.1311289110
http://doi.org/10.1364/AO.43.000542
http://www.ncbi.nlm.nih.gov/pubmed/14765912
http://doi.org/10.1158/0008-5472.CAN-17-0668
http://www.ncbi.nlm.nih.gov/pubmed/28659435
http://doi.org/10.1038/nm.2721
http://www.ncbi.nlm.nih.gov/pubmed/22504484
http://doi.org/10.1364/OPTICA.4.000496
http://doi.org/10.3390/bios6030047
http://doi.org/10.1007/BF03256708
http://doi.org/10.3904/kjim.2009.24.1.1
http://doi.org/10.1046/j.1365-2125.1999.00884.x
http://doi.org/10.1016/j.saa.2019.117407
http://doi.org/10.1021/acssensors.7b00122
http://doi.org/10.1016/j.pdpdt.2020.101792
http://www.ncbi.nlm.nih.gov/pubmed/32353420
http://doi.org/10.3390/mi11050495
http://www.ncbi.nlm.nih.gov/pubmed/32414191
http://doi.org/10.1091/mbc.e05-07-0659
http://www.ncbi.nlm.nih.gov/pubmed/16597703
http://doi.org/10.1038/s42003-020-1100-4
http://doi.org/10.1371/journal.pone.0185170
http://doi.org/10.1016/j.arr.2014.03.006
http://doi.org/10.1364/JOSAA.19.001172
http://doi.org/10.1117/1.1646172
http://doi.org/10.3390/bios9010037


Cells 2022, 11, 386 23 of 25

83. Dijkstra, R.J.; Scheenen, W.J.J.M.; Dam, N.; Roubos, E.W.; ter Meulen, J.J. Monitoring Neurotransmitter Release Using Surface-
Enhanced Raman Spectroscopy. J. Neurosci. Methods 2007, 159, 43–50. [CrossRef]

84. Silwal, A.P.; Lu, H.P. Mode-Selective Raman Imaging of Dopamine–Human Dopamine Transporter Interaction in Live Cells. ACS
Chem. Neurosci. 2018, 9, 3117–3127. [CrossRef] [PubMed]

85. Bahadar, H.; Maqbool, F.; Niaz, K.; Abdollahi, M. Toxicity of Nanoparticles and an Overview of Current Experimental Models.
Iran. Biomed. J. 2016, 20, 1–11. [CrossRef] [PubMed]

86. Manciu, F.S.; Lee, K.H.; Durrer, W.G.; Bennet, K.E. Detection and Monitoring of Neurotransmitters—A Spectroscopic Analysis.
Neuromodulation Technol. Neural Interface 2013, 16, 192–199. [CrossRef] [PubMed]

87. Marchetti, M.; Baria, E.; Cicchi, R.; Pavone, F.S. Custom Multiphoton/Raman Microscopy Setup for Imaging and Characterization
of Biological Samples. Methods Protoc. 2019, 2, 51. [CrossRef] [PubMed]

88. Marin, E.; Hiraishi, N.; Honma, T.; Boschetto, F.; Zanocco, M.; Zhu, W.; Adachi, T.; Kanamura, N.; Yamamoto, T.; Pezzotti, G.
Raman Spectroscopy for Early Detection and Monitoring of Dentin Demineralization. Dent. Mater. 2020, 36, 1635–1644. [CrossRef]

89. Arabi, M.; Ostovan, A.; Zhang, Z.; Wang, Y.; Mei, R.; Fu, L.; Wang, X.; Ma, J.; Chen, L. Label-Free SERS Detection of Raman-
Inactive Protein Biomarkers by Raman Reporter Indicator: Toward Ultrasensitivity and Universality. Biosens. Bioelectron. 2021,
174, 112825. [CrossRef]

90. Arend, N.; Pittner, A.; Ramoji, A.; Mondol, A.S.; Dahms, M.; Rüger, J.; Kurzai, O.; Schie, I.W.; Bauer, M.; Popp, J.; et al. Detection
and Differentiation of Bacterial and Fungal Infection of Neutrophils from Peripheral Blood Using Raman Spectroscopy. Anal.
Chem. 2020, 92, 10560–10568. [CrossRef]

91. Collard, L.; Sinjab, F.; Notingher, I. Raman Spectroscopy Study of Curvature-Mediated Lipid Packing and Sorting in Single Lipid
Vesicles. Biophys. J. 2019, 117, 1589–1598. [CrossRef]

92. Luneva, O.G.; Brazhe, N.A.; Maksimova, N.V.; Rodnenkov, O.V.; Parshina, E.Y.; Bryzgalova, N.Y.; Maksimov, G.V.; Rubin, A.B.;
Orlov, S.N.; Chazov, E.I. Ion Transport, Membrane Fluidity and Haemoglobin Conformation in Erythrocyte from Patients with
Cardiovascular Diseases: Role of Augmented Plasma Cholesterol. Pathophysiology 2007, 14, 41–46. [CrossRef]

93. Maksimov, G.V.; Maksimova, N.V.; Churin, A.A.; Orlov, S.N.; Rubin, A.B. Study on Conformational Changes in Hemoglobin
Protoporphyrin in Essential Hypertension. Biochem. Mosc. 2001, 66, 295–299. [CrossRef]

94. Maksimov, G.V.; Luneva, O.G.; Maksimova, N.V.; Matettuchi, E.; Medvedev, E.A.; Pashchenko, V.Z.; Rubin, A.B. Role of Viscosity
and Permeability of the Erythrocyte Plasma Membrane in Changes in Oxygen-Binding Properties of Hemoglobin during Diabetes
Mellitus. Bull. Exp. Biol. Med. 2005, 140, 510–513. [CrossRef] [PubMed]

95. Brazhe, N.A.; Baizhumanov, A.A.; Parshina, E.Y.; Yusipovich, A.I.; Akhalaya, M.Y.; Yarlykova, Y.V.; Labetskaya, O.I.; Ivanova,
S.M.; Morukov, B.V.; Maksimov, G.V. Studies of the Blood Antioxidant System and Oxygen-Transporting Properties of Human
Erythrocytes during 105-Day Isolation. Hum. Physiol. 2014, 40, 804–809. [CrossRef]

96. Allakhverdiev, E.S.; Slatinskaya, O.V.; Rodnenkov, O.V.; Maksimov, G.V.; Martynyuk, T.V. Evaluation of Hemoglobin Conforma-
tion State in Patients with Pulmonary Hypertension. Russ. J. Cardiol. 2021, 25, 23.

97. Skjånes, K.; Rebours, C.; Lindblad, P. Potential for Green Microalgae to Produce Hydrogen, Pharmaceuticals and Other High
Value Products in a Combined Process. Crit. Rev. Biotechnol. 2013, 33, 172–215. [CrossRef] [PubMed]

98. Schenk, P.M.; Thomas-Hall, S.R.; Stephens, E.; Marx, U.C.; Mussgnug, J.H.; Posten, C.; Kruse, O.; Hankamer, B. Second Generation
Biofuels: High-Efficiency Microalgae for Biodiesel Production. BioEnergy Res. 2008, 1, 20–43. [CrossRef]

99. Sadvakasova, A.K.; Kossalbayev, B.D.; Zayadan, B.K.; Kirbayeva, D.K.; Alwasel, S.; Allakhverdiev, S.I. Potential of Cyanobacteria
in the Conversion of Wastewater to Biofuels. World J. Microbiol. Biotechnol. 2021, 37, 140. [CrossRef]

100. Bolatkhan, K.; Sadvakasova, A.K.; Zayadan, B.K.; Kakimova, A.B.; Sarsekeyeva, F.K.; Kossalbayev, B.D.; Bozieva, A.M.; Alwasel,
S.; Allakhverdiev, S.I. Prospects for the Creation of a Waste-Free Technology for Wastewater Treatment and Utilization of Carbon
Dioxide Based on Cyanobacteria for Biodiesel Production. J. Biotechnol. 2020, 324, 162–170. [CrossRef]

101. Zayadan, B.; Usserbayeva, A.; Bolatkhan, K.; Akmukhanova, N.; Kossalbayev, B.; Baizhigitova, A.; Los, D. Screening of Isolated
and Collection Strains of Cyanobacteria on Productivity for Determining Their Biotechnological Potential. Eur. J. Entomol.
2018, 55. [CrossRef]

102. Breuer, G.; de Jaeger, L.; Artus, V.G.; Martens, D.E.; Springer, J.; Draaisma, R.B.; Eggink, G.; Wijffels, R.H.; Lamers, P.P.
Superior Triacylglycerol (TAG) Accumulation in Starchless Mutants of Scenedesmus Obliquus: (II) Evaluation of TAG Yield and
Productivity in Controlled Photobioreactors. Biotechnol. Biofuels 2014, 7, 70. [CrossRef]

103. Kaczor, A.; Turnau, K.; Baranska, M. In Situ Raman Imaging of Astaxanthin in a Single Microalgal Cell. Analyst 2011, 136,
1109–1112. [CrossRef]

104. Hosokawa, M.; Ando, M.; Mukai, S.; Osada, K.; Yoshino, T.; Hamaguchi, H.; Tanaka, T. In Vivo Live Cell Imaging for the
Quantitative Monitoring of Lipids by Using Raman Microspectroscopy. Anal. Chem. 2014, 86, 8224–8230. [CrossRef] [PubMed]
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117. Jehlička, J.; Culka, A.; Nedbalová, L. Colonization of Snow by Microorganisms as Revealed Using Miniature Raman
Spectrometers—Possibilities for Detecting Carotenoids of Psychrophiles on Mars? Astrobiology 2016, 16, 913–924. [CrossRef]
[PubMed]

118. Javee, A.; Sulochana, S.B.; Pallissery, S.J.; Arumugam, M. Major Lipid Body Protein: A Conserved Structural Component of Lipid
Body Accumulated during Abiotic Stress in S. quadricauda CASA-CC202. Front. Energy Res. 2016, 4. [CrossRef]

119. Zhang, C.; Liu, P. The New Face of the Lipid Droplet: Lipid Droplet Proteins. Proteomics 2019, 19, 1700223. [CrossRef] [PubMed]
120. Liu, S.; Kannegulla, A.; Kong, X.; Sun, R.; Liu, Y.; Wang, R.; Yu, Q.; Wang, A.X. Simultaneous Colorimetric and Surface-Enhanced

Raman Scattering Detection of Melamine from Milk. Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 2020, 231, 118130. [CrossRef]
[PubMed]

121. Solovchenko, A.; Neverov, K. Carotenogenic Response in Photosynthetic Organisms: A Colorful Story. Photosynth. Res. 2017, 133,
31–47. [CrossRef]

122. Chekanov, K.; Lukyanov, A.; Boussiba, S.; Aflalo, C.; Solovchenko, A. Modulation of Photosynthetic Activity and Photoprotection
in Haematococcus Pluvialis Cells during Their Conversion into Haematocysts and Back. Photosynth. Res. 2016, 128, 313–323.
[CrossRef]

123. Maksimov, E.G.; Mironov, K.S.; Trofimova, M.S.; Nechaeva, N.L.; Todorenko, D.A.; Klementiev, K.E.; Tsoraev, G.V.; Tyutyaev,
E.V.; Zorina, A.A.; Feduraev, P.V.; et al. Membrane Fluidity Controls Redox-Regulated Cold Stress Responses in Cyanobacteria.
Photosynth. Res. 2017, 133, 215–223. [CrossRef]

124. Los, D.A.; Murata, N. Structure and Expression of Fatty Acid Desaturases. Biochim. Biophys. Acta BBA- Lipids Lipid Metab. 1998,
1394, 3–15. [CrossRef]

125. Kubo, Y.; Ikeda, T.; Yang, S.-Y.; Tsuboi, M. Orientation of Carotenoid Molecules in the Eyespot of Alga: In Situ Polarized Resonance
Raman Spectroscopy. Appl. Spectrosc. 2000, 54, 1114–1119. [CrossRef]

126. Heraud, P.; Wood, B.R.; Beardall, J.; McNaughton, D. Effects of Pre-Processing of Raman Spectra on in Vivo Classification of
Nutrient Status of Microalgal Cells. J. Chemom. 2006, 20, 193–197. [CrossRef]

127. Heraud, P.; Beardall, J.; McNaughton, D.; Wood, B.R. In Vivo Prediction of the Nutrient Status of Individual Microalgal Cells
Using Raman Microspectroscopy. FEMS Microbiol. Lett. 2007, 275, 24–30. [CrossRef]

128. Wood, B.R.; Heraud, P.; Stojkovic, S.; Morrison, D.; Beardall, J.; McNaughton, D. A Portable Raman Acoustic Levitation
Spectroscopic System for the Identification and Environmental Monitoring of Algal Cells. Anal. Chem. 2005, 77, 4955–4961.
[CrossRef] [PubMed]

129. Chen, M.; Zeng, H.; Larkum, A.W.D.; Cai, Z.-L. Raman Properties of Chlorophyll d, the Major Pigment of Acaryochloris Marina:
Studies Using Both Raman Spectroscopy and Density Functional Theory. Spectrochim. Acta. A. Mol. Biomol. Spectrosc. 2004, 60,
527–534. [CrossRef]

130. Cannizzaro, C.; Rhiel, M.; Marison, I.; von Stockar, U. On-Line Monitoring of Phaffia Rhodozyma Fed-Batch Process with in Situ
Dispersive Raman Spectroscopy. Biotechnol. Bioeng. 2003, 83, 668–680. [CrossRef]

131. Marshall, C.P.; Leuko, S.; Coyle, C.M.; Walter, M.R.; Burns, B.P.; Neilan, B.A. Carotenoid Analysis of Halophilic Archaea by
Resonance Raman Spectroscopy. Astrobiology 2007, 7, 631–643. [CrossRef]

http://doi.org/10.1016/j.snb.2020.129229
http://doi.org/10.1366/0003702834634190
http://doi.org/10.1089/ast.2012.0879
http://www.ncbi.nlm.nih.gov/pubmed/23151300
http://doi.org/10.1128/AEM.00699-14
http://doi.org/10.1074/jbc.M110.157230
http://doi.org/10.1016/j.algal.2017.05.011
http://doi.org/10.1002/bip.360250307
http://doi.org/10.1177/1082013218786862
http://www.ncbi.nlm.nih.gov/pubmed/30012021
http://doi.org/10.1021/acs.analchem.7b02393
http://doi.org/10.1089/ast.2016.1487
http://www.ncbi.nlm.nih.gov/pubmed/27901343
http://doi.org/10.3389/fenrg.2016.00037
http://doi.org/10.1002/pmic.201700223
http://www.ncbi.nlm.nih.gov/pubmed/30216670
http://doi.org/10.1016/j.saa.2020.118130
http://www.ncbi.nlm.nih.gov/pubmed/32044710
http://doi.org/10.1007/s11120-017-0358-y
http://doi.org/10.1007/s11120-016-0246-x
http://doi.org/10.1007/s11120-017-0337-3
http://doi.org/10.1016/S0005-2760(98)00091-5
http://doi.org/10.1366/0003702001950832
http://doi.org/10.1002/cem.990
http://doi.org/10.1111/j.1574-6968.2007.00861.x
http://doi.org/10.1021/ac050281z
http://www.ncbi.nlm.nih.gov/pubmed/16053309
http://doi.org/10.1016/S1386-1425(03)00258-0
http://doi.org/10.1002/bit.10698
http://doi.org/10.1089/ast.2006.0097


Cells 2022, 11, 386 25 of 25

132. Parker, S.F.; Tavender, S.M.; Dixon, N.M.; Herman, H.; Williams, K.P.J.; Maddams, W.F. Raman Spectrum of β-Carotene Using
Laser Lines from Green (514.5 Nm) to Near-Infrared (1064 Nm): Implications for the Characterization of Conjugated Polyenes.
Appl. Spectrosc. 1999, 53, 86–91. [CrossRef]

133. Mostaert, A.S.; Giordani, C.; Crockett, R.; Karsten, U.; Schumann, R.; Jarvis, S.P. Characterisation of Amyloid Nanostructures in
the Natural Adhesive of Unicellular Subaerial Algae. J. Adhes. 2009, 85, 465–483. [CrossRef]

134. Shutova, V.V.; Tyutyaev, E.V.; Churin, A.A.; Ponomarev, V.Y.; Belyakova, G.A.; Maksimov, G.V. IR and Raman Spectroscopy in the
Study of Carotenoids of Cladophora Rivularis Algae. Biophysics 2016, 61, 601–605. [CrossRef]

135. Eggersdorfer, M.; Wyss, A. Carotenoids in Human Nutrition and Health. Arch. Biochem. Biophys. 2018, 652, 18–26. [CrossRef]
[PubMed]

136. Chekanov, K.; Fedorenko, T.; Kublanovskaya, A.; Litvinov, D.; Lobakova, E. Diversity of Carotenogenic Microalgae in the White
Sea Polar Region. FEMS Microbiol. Ecol. 2020, 96, fiz183. [CrossRef] [PubMed]

137. Collins, A.M.; Jones, H.D.T.; Han, D.; Hu, Q.; Beechem, T.E.; Timlin, J.A. Carotenoid Distribution in Living Cells of Haematococcus
Pluvialis (Chlorophyceae). PLoS ONE 2011, 6, e24302. [CrossRef]

138. Chiu, L.; Ho, S.-H.; Shimada, R.; Ren, N.-Q.; Ozawa, T. Rapid in Vivo Lipid/Carbohydrate Quantification of Single Microalgal
Cell by Raman Spectral Imaging to Reveal Salinity-Induced Starch-to-Lipid Shift. Biotechnol. Biofuels 2017, 10, 9. [CrossRef]

139. Mishra, K.B.; Vítek, P.; Mishra, A.; Hájek, J.; Barták, M. Chlorophyll a Fluorescence and Raman Spectroscopy Can Monitor
Activation/Deactivation of Photosynthesis and Carotenoids in Antarctic Lichens. Spectrochim. Acta Part A Mol. Biomol. Spectrosc.
2020, 239, 118458. [CrossRef]

140. Mirsafavi, R.; Moskovits, M.; Meinhart, C. Detection and Classification of Fentanyl and Its Precursors by Surface-Enhanced
Raman Spectroscopy. Analyst 2020, 145, 3440–3446. [CrossRef]

http://doi.org/10.1366/0003702991945263
http://doi.org/10.1080/00218460902996366
http://doi.org/10.1134/S0006350916040217
http://doi.org/10.1016/j.abb.2018.06.001
http://www.ncbi.nlm.nih.gov/pubmed/29885291
http://doi.org/10.1093/femsec/fiz183
http://www.ncbi.nlm.nih.gov/pubmed/31742595
http://doi.org/10.1371/journal.pone.0024302
http://doi.org/10.1186/s13068-016-0691-y
http://doi.org/10.1016/j.saa.2020.118458
http://doi.org/10.1039/C9AN02568E

	Introduction 
	The Principles of the Method of Raman Spectroscopy 
	Raman Spectroscopy and Its Modifications: Advantages and Use 
	Surface-Enhanced Raman Spectroscopy (SERS) 
	Coherent Anti-Stokes Raman Scattering (CARS) 
	Resonance Raman Spectroscopy (RRS) 
	Spatially Offset Raman Spectroscopy (SORS) 

	Application of Raman Spectroscopy in Biomedical Research 
	Disease Prediction 
	Surgical Procedures 
	Therapeutic Drug Monitoring (TDM) 
	Determination of Metabolites 

	Biotechnology Application of Raman Spectroscopy 
	Application of Raman Spectroscopy in Algae Studies 
	Raman Spectroscopy Applied to Lipid 
	Application of Raman Spectroscopy on Pigment Investigation in Microalgae 


	Raman Spectroscopy for Photosynthetic Studies 
	Raman Spectroscopy for Analytical Studies 
	Future Perspectives 
	Conclusions 
	References

