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Progress in advanced therapeutic concepts requires the development of appropriate carrier systems for intracel-
lular drug delivery. Consequently, analysis of interaction between carriers, drugs and cells as well as their uptake
and intracellular fate is a current focus of research interest. In this context, Raman spectroscopy recently became
an emerging analytical technique, due to its non-destructive, chemically selective and label-free working
principle.
In this review, we briefly present the state-of-the-art technologies for cell visualization and drug internalization.
Against this background, Ramanmicroscopy is introduced as a versatile analytical technique. An overview of var-
ious Raman spectroscopy investigations in this field is given including interactions of cells with drug molecules,
carrier systems and other nanomaterials. Further, Raman instrumentations and sample preparationmethods are
discussed. Finally, as the analytical limit is not reached yet, a future perspective for Raman microscopy in phar-
maceutical and biomedical research on the single cell level is given.
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1. Introduction

Due to the emerging knowledge about the complex processes regu-
lating origination and course of diseases on the subcellular level,
advanced therapeutic concepts have rapidly evolved over the last
decade. Here, the focus for the development of novel therapeutics
shifted from classical large solid dosage systems such as tablets and cap-
sules to small so called modern drug carrier systems in micro- and
nanometer size range.
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In this context, analytical investigation and evaluation of mecha-
nisms and extent of interactions between cells and drugs became of
utmost importance. Besides research on the pure drug molecule, the
development of a suitable delivery system is of similar importance.
So, one current scientific focus is on appropriate analysis and evalu-
ation of interactions of drug delivery systems, their cellular uptake
and the release mechanism as well as their kinetics for an incorpo-
rated drug in order to improve therapeutics as well as specific dis-
ease treatment protocols. In this respect, Raman spectroscopy as a
non-invasive, chemically selective analytical technique is gaining
increasing attention.

In this contribution, we aim to give a broad overview of the work
that has already been performed on Ramanmicroscopy for single cell
imaging with a special focus on the interaction of cells with drugs
and the uptake and intracellular fate of carrier systems for drug
delivery. We start with a short introduction of eukaryotic cells as
the target organisms and their endocytotic uptake mechanisms.
Next, established nanocarrier systems for intracellular delivery are
introduced. The section is followed by an overview of techniques
suitable for cell visualization before presenting different Raman
instrumentations with a summary of important instrument parame-
ters as well as influences of sample preparation. In the following
section, we present different studies on single cells by Raman spec-
troscopy and microscopy. Here, the important Raman bands which
are characteristic for distinct molecules are discussed as a basis for
visualization of cellular structures and organelles. Finally, we review
the contributions in the field of drug delivery focusing on carrier
uptake as well as on uptake of drug molecules. Empty and drug-
loaded carriers are considered including cytotoxic aspects as well
as carriers for targeted drug delivery. This review focuses on studies
performed with spontaneous Raman microscopy including some
investigations performed by surface enhanced Raman spectroscopy.
However, for deeper insight into the field of surface enhanced Raman
spectroscopy, the reader is referred to the specialized article in this
issue. The same holds for readers interested in coherent Raman
techniques.

1.1. Cell physiology

Eukaryotic cells havemultiple compartments with different func-
tions. The cells are confined by the plasma membrane, representing
the biological barrier which molecules and potential carrier systems
have to overcome to enter the cytoplasm. The cytoplasm contains the
cytoskeleton, a framework of protein fibers, which mechanically sta-
bilizes the cell and embeds different cell organelles like the nucleus
and the endoplasmatic reticulum (ER). Furthermore, the cytoskele-
ton is important for intracellular motion such as transport of organ-
elles and cell division as well as cell migration. The largest organelle
is the nucleus, where the DNA is stored. Adjacent to the nucleus is the
endoplasmic reticulum pervading the cytosol (cytoplasm without
organelles) with channel like structures. The Golgi apparatus repre-
sents another closed membrane system within the cytoplasm. Here,
proteins, which are synthesized in the ER, are modified. Further-
more, the Golgi apparatus plays an important role for intracellular
transport of macromolecules as well as in secretion processes.
Endosomes, small membrane vesicles, facilitate the transport of pro-
teins between individual compartments of the cell and to and from
the cell membrane. Organelles which are important for the cellular
metabolism are mitochondria, lysosomes and peroxisomes. Mito-
chondria are generally referred to as cellular power plants, as they
generate the chemical energy in the form of adenosine triphosphate
(ATP) for the cell. Lysosomes and peroxisomes are small enzyme
containing vesicles which are responsible for the breakdown of
macromolecules. Especially lysosomes play an important role in the
intracellular fate of pharmaceutical carrier systems and drug
molecules.
1.2. Endocytosis — the major cellular uptake mechanisms for
pharmaceutics

Pharmacological targets can be located outside as well as inside
cells. The latter situation is attractive, however, challenging for
drug therapy due to the complex cell physiology. The drug molecule
has to pass numerous hurdles such as multiple biological and plasma
membranes prior to reaching the target molecule within a cell. As the
direct path for the molecule to the pharmacological target is long, a
significant number of administered drug molecules might pursue
other routes. This will decrease drug efficiency, while side effects
and toxicity potentially increase. These facts have to be taken into
consideration when developing novel therapeutics.

Generally, the hydrophobic plasma membranes are an insur-
mountable obstacle for the majority of therapeutic molecules. Only
molecules such as steroids/hormones, liposoluble vitamins, water,
amino acids and glucose can passively be transported across the
hydrophobic membrane along their concentration gradient. Other
molecules are actively transported by specific carrier proteins even
against a concentration gradient at the expense of ATP. Besides carri-
er proteins, endocytosis is the major route for the internalization of
extracellular substances into the cell body through the formation of
vesicles. Various nanocarriers have already been introduced to trans-
port drug molecules into cells and release their cargo intracellularly,
close to the target structures.

Depending on the cell nature and the physicochemical characteris-
tics of the nanocarrier, themajor internalization pathways are phagocy-
tosis and other endocytic pathways (Fig. 1). Macrophages, monocytes,
neutrophils anddendritic cells are specialized phagocytic cells (so called
professional phagocytes) [1]. In comparison, non-professional phago-
cytes including cell types such asfibroblasts and epithelial aswell as en-
dothelial cells perform phagocytic activity to a lower extent [3].
Internalization by phagocytosis generally comprises of three steps.
First, nanocarriers are recognized in the bloodstream by opsonization.
Second, opsonized particles adhere to the cell, before subsequent inges-
tion is taking place.

Non-phagocytic endocytosis (also referred to as pinocytosis) is a
process happening in all other cells. These non-phagocytic pathways
can be divided into clathrin-mediated endocytosis, caveolae-mediated
endocytosis, macropinocytosis as well as other clathrin- and caveolae-
independent endocytosis (Fig. 1).

Clathrin-mediated endocytosis, as the predominant mechanism in
most cells, can occur receptor-dependent and receptor-independent
via the formation of clathrin-coated vesicles in clathrin-rich membrane
regions of the cell. The protein clathrin forms triskelia [2] which assem-
ble in a lattice on the cytosolic surface of the cell membrane. This pro-
cess facilitates the deformation of the membrane into a coated pit,
which is continuously invaginated as the clathrin lattice formation pro-
ceeds, until the clathrin-coated vesicle is fissioned.

Caveolae, flask-shaped cell membrane invaginations lined by the
protein caveolin along with cholesterol and sphingolipids, can also me-
diate endocytosis. They occur in substantial numbers in endothelial
cells, composing 10–20% of the cell surface [4]. Similar to clathrin-
mediated endocytosis, the GTPase dynamin mediates the fission of the
caveolae with the particle from themembrane, thus forming a cytosolic
caveolar vesicle.

Macropinocytosis happens through the formation of actin-driven
cell membrane protrusions. In contrast to phagocytosis, the protrusions
collapse and subsequently fuse with the plasma membrane instead of
zipping up the ligand-coated particle [4].

As eukaryotic cells are 10–50 μm in size, potential carrier systems
have to be of appropriate size to be internalized. It was shown that
model polystyrene particles have an ideal phagocytosis rate in vitro
for sizes ranging from 250 nm to 3 μm [5], whereas vesicles formed by
non-phagocytic mechanisms are sized from 50 nm up to more than
1 μm [4,6–8].



Fig. 1. Principal nanocarrier internalization pathways in mammalian cells. A Phagocytosis is an actin-based mechanism occurring primarily in professional phagocytes, such as
macrophages, and closely associated with opsonization. B Clathrin-mediated endocytosis is a widely shared pathway of nanoparticle internalization, associated with the formation of a
clathrin lattice and depending on the GTPase dynamin. C Caveolae-mediated endocytosis occurs in typical flask-shaped invaginations of the membrane coated with caveolin dimers,
also depending on dynamin. D Macropinocytosis is an actin-based pathway, engulfing nanoparticles and the extracellular milieu with a poor selectivity. E Other endocytosis pathways
can be involved in the nanoparticle internalization, independent of both clathrin and caveolae. Figure and caption taken from reference [2] (Fig. 2)— “With kind permission from Springer
Science and Business Media”.
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Different nanocarriers including polymeric, lipid and complex
nanoparticles as well as diverse vesicles have been developed for in-
tracellular drug therapy. Nanocarriers are actively internalized
through endocytosis and can release their drug inside the cell. Al-
most any cell type is able to take up particles via an endocytotic path-
way. However, the extent differs from cell type to cell type. By
varying raw material, size, shape, charge and surface structures of
nanocarriers, the pathway and extent of uptake, as well as the fate
of carrier and drug inside the cell may be influenced.

For further detailed reading on endocytotic mechanisms as well as
the dependence of physico-chemical characteristics of the nanocarriers
on cellular internalization, the reader is referred to Hillaireau et al. [2].
1.3. Drug delivery systems for cellular applications

In the pharmaceutical context, nanoparticles are defined as solid
colloidal particles in the size range of 10–1000 nm [9]. Polymeric
nanoparticles are made of synthetic biodegradable polymers such
as poly(lactic acid) (PLA) and poly(lactic-co-glycolid acid) (PLGA)
or natural polymers such as albumin and chitosan [2,10]. The poly-
mers should be biodegradable as well as non-toxic and non-
immunogenic [10,11]. The latter two are also required for the degra-
dation products of the original polymer. Polymeric nanoparticles are
subcategorized into nanocapsules and nanospheres. Nanospheres
are solid matrix particles, whereas nanocapsules are vesicular sys-
tems with a core shell structure. The liquid or semisolid core is em-
bedded in a solid shell. Drugs can be embedded inside or adsorbed
on the nanoparticle. Different fabrication techniques are described
in detail elsewhere [10].

Further polymer therapeutics include simple polymer drug conju-
gates, micelles, dendrimers and polyplexes [12,13].

Micelles are self-assembling colloidal aggregates of amphiphilic
block-copolymers, entrapping the drug [12,14]. Polyelectrolyte
complexes known as polyplexes are formed by electrostatic interactions
of polycations and nucleic acids [2,12]. Dendrimers have a three-
dimensional architecture, where a macromolecule contains symmetri-
cally arranged braches [12].

Liposomes are artificial spherical vesicles composed of phospholipid
bilayers [15]. Biocompatibility, biodegradability as well as low toxicity
and immunogenicity are only a few felicitous attributes which have
made liposomes an attractive drug carrier system. Due to the aqueous
core surrounded by a phospholipid bilayer, both hydrophobic and
hydrophilic molecules can be incorporated. Furthermore, liposomes
can be functionalized in many ways and are widely addressed in litera-
ture [15].
Many more nanocarrier systems have been introduced in pharma-
ceutical sciences. Here however, we only want to give a brief introduc-
tion about the nanocarrier systems which are utilized in the manifold
studies described hereafter.

1.4. State-of-the-art techniques for cell visualization

Cells can be visualized with many different techniques. The most
general analytical procedure is light microscopy, which is routinely
used in every cell culture lab. It offers a quick evaluation of cultured
cells with respect to morphology and confluence levels. However, this
visual examination is not sufficient or suited for specialized investiga-
tions, due to the lack of meaningful molecule specific information that
can be related to detailed structural information of cells.

Other techniques like electron microscopy and atomic force micros-
copy are also utilized for cell visualization. Both techniques are capable
to resolve subcellular structures. However, due to their working princi-
ples, images can only be recorded from surfaces, meaning that interior
structures require destructive sectioning of the sample prior to analysis.
Furthermore, the recorded images are not based on chemically selective
detection of sample structures, hindering analytical distinction between
carrier systems and cell compounds for example. To circumvent these
issues and to benefit from the high resolution of electron and atomic
forcemicroscopy, so called correlativemicroscopy has been established,
where two complementary imaging techniques are combined. In most
cases, confocal fluorescence microscopy is used as the current state-
of-the-art technique for cell visualization.

In fluorescence microscopy, chemically selective visualization of dif-
ferent structures of the cell is accomplished by the introduction of exter-
nal fluorescent marker molecules which specifically bind to the
structures of interest. Due to the wide application of this spectroscopic
technique, numerousmarkermolecules have been introduced to visual-
ize any subcellular structures. However, the number of structureswhich
can simultaneously be imaged is limited, as eachmarkermolecule is ex-
cited by one distinct wavelength during analysis. In spite of this limita-
tion, confocal laser scanning fluorescence microscopy (CLSM) is an
established technique for visualizing interactions, cellular uptake and
fate of nanocarriers within cells. Herd et al. [16] for example used
CLSM to study the influence of different geometries and surface orienta-
tion of FITC labeled silica nanoparticles on cellular uptake, whereas
Torchilin et al. [17] followed the targeting of liposomes and micelles to
cells as well as their intracellular fate by fluorescence microscopy. De-
spite its wide application, this technique bears several disadvantages.
Due to the artificial labeling of the drug molecule or a carrier compo-
nent, thephysico-chemical characteristics of the analyzed systemare al-
tered, potentially leading to different uptake patterns and changing
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their internal fate. If the fluorophor is not sufficiently bound to the car-
rier and disassembles, it might possibly attach to other structures of the
sample. Furthermore, the susceptibility of many marker molecules to
photo-bleaching confounds fluorescence microscopy analysis over lon-
ger time spans, thus hindering investigations of carrier and drug fate in-
side the cell. There is a need for techniques that enable chemically
selective analysis to visualize and gain knowledge about uptake, locali-
zation and fate of drug carrier systems and their loadings over suffi-
ciently long time scales. Here, vibrational microspectroscopy such as
infrared (IR) absorption spectroscopy and imaging, spontaneous
Raman spectroscopy and imaging aswell as coherent Raman techniques
are interesting alternatives. Vibrational microspectroscopy is based on
the detection of molecular vibrations arising from functional groups
within the sample and does not require compound labeling. Therefore,
IR absorption spectroscopy andRaman spectroscopy are attractive tech-
niques for non-destructive and label-free imaging, while maintaining
chemical selectivity. Furthermore, both techniques can be combined
with optical microscopy enabling powerful approaches for non-
invasive chemical imaging. IR microspectroscopy has successfully been
applied to image for instance sarcoma and HeLa cells [3,18], also in
direct comparison to Raman images [18]. Due to the superior resolution
of Raman microscopy (b1 μm) compared to IR microscopy (~10 μm)
and its applicability in aqueous environments, confocal Raman micros-
copy is today the prevalent technique for cellular visualization. In con-
trast to the analysis of light absorption (IR), light scattering is detected
in Raman spectroscopy. The so called Raman effect was first reported
by the Indian physicist Sir Chandrasekhara Venkata Raman in 1928
[19] and is a rather weak effect compared to light absorbance or reflec-
tion. The major fraction of photons is scattered at the same wavelength
as the incident photons (Rayleigh scattering). A smaller number of pho-
tons shift in frequency (or wavelength), which is referred to as Raman
scattering. This inelastically scattered light carries information of the
vibration of atoms in a molecule, which are typical for each chemical
moiety. If the Raman scattering has a lower energy than the incident
photon (e.g. longer wavelength), it is referred to as Stokes scattering,
whereas the opposite process, where the scattered light has a higher
frequency (e.g. shorter wavelength), is called anti-Stokes scattering.
The specific wavelength shift between incident and scattered photon
represents a unique feature of a specific chemical structure and is there-
fore referred to as a molecular fingerprint.

2. Sample and instrumental prerequisites for spontaneous Raman
imaging of cells

Raman imaging is based on collecting spatially resolved data. This is
achieved by coupling a Raman spectrometer with a confocal optical
microscope. A first self-built confocal Raman microspectrometer with
a resolution of ≤1 μm3 was described in 1990 [20]. However, immense
technical progress led to an increased accessibility and a variety of com-
mercially available instruments over the last years. In general, confocal
Raman microscopes are assembled of a few building blocks. The center
piece is an optical microscope with a pinhole enabling confocal detec-
tion. A laser source is coupled to the microscope irradiating the sample,
which is placed on the scan stage of the microscope, through an objec-
tive. The scattered light from the sample is collected, passes through
the pinhole and is subsequently directed into a spectrometer. The spec-
trometer and the attached camera comprise the detection unit for spec-
tral collection. Signals from out of focus points are rejected by the
pinhole. Thus, background signals are strongly reduced and depth reso-
lution is provided.

An important instrumental parameter is the choice of a suitable laser
source for Raman imaging depending on factors like wavelength and
laser power. Shorter wavelengths generate higher numbers of scatter-
ing photons, thus, increasing the scattering efficiency and therefore
Raman intensity of the weakly scattering biological samples. However,
shorter wavelengths typically provoke more autofluorescence from
the sample, potentially exceeding the Raman signal. Hamada et al.
[21] compared the autofluorescence background signal from cells for
488, 514 and 532 nm excitation concluding that the 532 nm excitation
compromises best between autofluorescence and Raman signal intensi-
ty for live cell imaging. Furthermore, photodamage, which is caused by
light absorption of a biological sample, has to be considered upon choos-
ing an adequate laser source. Cell damage decreases at longer excitation
wavelength. This was demonstrated by Puppels et al. [22] and by
Notingher et al. [23] studying the spectral consequences of irradiating
living cells with different laser lights, namely 660 and 514.5 nm, as
well as 785, 514 and 488 nm, respectively. Unfortunately, a strong
decrease in Raman scattering intensity goes along with an increase in
wavelength [24]. Thus, high Raman scattering efficiency and low
photodamage are two contrary parameters to be negotiated prior to
analysis. Therefore, an excitation wavelength of 785 nm is a good com-
promise, as signal strength is reasonably high, whereas fluorescence
and cell damage are low. For similar reasons, this wavelength is often
used in Raman studies analyzing tissue especially skin. Additionally,
light from the near infrared region penetrates sufficiently deep into
tissue. Although cell damage continuously decreases at longer wave-
length, lasers with an excitationwavelength of 1064 nmare inappropri-
ate for spontaneous Raman spectroscopy due to inefficient Raman
scattering [24].

Raman imaging can benefit tremendously from biomolecules show-
ing a resonance Raman effect. This effect can be triggered by utilizing a
laser wavelength close to or on the absorption band of the molecule
resulting in strong Raman scattering. Thus, it can be exploited to
image for example the molecular distribution of cytochrome c located
in the mitochondria of cells, as this electron carrying molecule gives
rise to a strong resonance Raman effect at 532 nm [25].

An important factor for cell imaging is the resolution of the image to
capture the subcellular structures in the lower micrometer and nano-
meter size range as well as the nanocarriers. The lateral resolution is
determined by the numerical aperture of the objective in combination
with the wavelength of the laser light, whereas the axial resolution is
also influenced by the pinhole and the refractive index of the immersion
medium [26]. With the currently available Raman instruments, a lateral
resolution down to 200 nm and an axial resolution of 500 nm can be
achieved, making the technique feasible for visualization of subcellular
structures and drug carriers.

Despite few exemptions, cells are commonly cultured submerse in
aqueousmedium. However, the aqueous environment does not impede
Raman microscopy analysis. As Raman spectroscopy is based on the
polarization of molecules, water molecules contribute less pronounced
peak patterns in the spectrum than in IR absorption spectroscopy for
example. Furthermore, the water bands arise in regions of the spectrum
where other groups give no or minor contributions. Therefore, the
Raman scattering of water hardly interferes with other spectral bands
during analysis. Air or immersion objectives are used when working
with an inverted microscope. The use of upright instruments is not
adverse as water dipping objectives are available for application. Al-
though aqueous environments do not generally interfere with data ac-
quisition, attention has to be drawn to supplements such as nutrients
or colored indicators in the cell culture medium, as they can contribute
disturbing background signals. For example, the pH indicator phenol
red which is a standard supplement in cell culture media as it facilitates
an immediate visual evaluation of the medium, shows a fluorescence
signal. Thus, available phenol red free medium should be used for
Raman imaging.

The low Raman spectral cross-section of biological samples necessi-
tates the consideration of the correct sample substrate. The cells need to
grow on the substrates surface. In addition, the substrate should show a
very low background signal. Thus, standard plastic substrates are
inapplicable for Raman microscopy as their background signal masks
the Raman signal from the cell sample. In order for the excitation light
to get to the sample with minimum loss, the substrate should be
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transparent to the near-infrared and visible region of the light spectrum.
A study by Draux et al. [27] shows the influence of diverse substrates
(plastic, quartz, calcium fluoride (CaF2) and zinc selenide (ZnSe)) on
cell morphology, proliferation and substrate eligibility for Raman spec-
troscopy. While ZnSe was discarded due to cell toxicity, and plastic
waswithdrawn due to its high background signal, detailed Raman spec-
trawere obtained from cells grown on quartz and CaF2 substrates. Thus,
due to their low background signal, calcium fluoride and quartz should
be used for Raman imaging of cells [25,28].

Spatially resolved spectral data sets can be acquired in two ways in
confocal Raman microscopy. Either the laser is scanned back and forth
across the sample which is in a fixed position, or the sample is posi-
tioned on amotorizedmicroscopic stage and constantlymoved through
the laser beam. In both cases, a Raman spectrum is recorded at every
preselected position retrieving a spatially resolved data set. Cells
which grow attached to surfaces are automatically immobilized for
analysis and do not hinder the acquisition of spatially resolved spectra.
However, cells growing in suspension (such as blood cells) are more
challenging for spectral analysis. Here, optical tweezers for cell trapping,
and thus customized immobilization have been combined with Raman
spectroscopy [29,30]. In laser tweezers Raman spectroscopy (LTRS),
the simultaneous analysis of living cells over longer time periods
under the same environmental conditions is basically impossible due
to weak Raman scattering activity of the cell sample and resulting
long acquisition times. Multifocal LTRS was introduced for parallel
acquisition of Raman spectra from suspension cells [31]. However, the
detection of spectral signals was only possible in a 1-D scheme. Kong
and Chan [32] improved the analytical capabilities of LTRS by develop-
ing a modulated multifocal detection scheme. Due to the introduction
of a spatial light modulator, multiple cells can be trapped in the gener-
ated holographic laser tweezers in a 2-D array. Raman spectra from
this 2-D array of samples are then collected in parallel from different
combinations of multifocal patterns by the spectrometer of the imple-
mentedmultifocal detection scheme. Creely et al. [33] have demonstrat-
ed holographic optical tweezers (HOT) for Raman imaging of floating
Jurkat cells. The individual cell is immobilized in the multiple trapping
site of theHOT and guided back and forth across the focus of the station-
ary Raman laser excitation beam, thus building up a cell image.

As conventional confocal Raman microspectroscopy is still rather
slow in recording a spectral data set due to high resolution stepwise
sample rasterization and acquisition times, Okuno and Hamaguchi
[34] developed a multifocus system for fast multimode vibrational
imaging as a potential tool for in vivo applications and real time studies
of living cells. Another multifoci-scan confocal Raman microscope was
developed by implementing galvano mirrors into the laser light path-
way [35]. The laser beam is raster scanned across the sample by a pair
of galvano mirrors generating multifoci excitation. Excited Raman scat-
tering is simultaneously projected onto a multichannel spectrograph by
a third galvanomirror. Overall, image acquisition timewas significantly
reduced while diffraction-limited resolution was retained. Thus, it
became possible to monitor fundamental processes in cells occurring
within one minute.

A variety of fixation methods including formalin, methanol, air-
drying and cytocentrifugation are available to preserve cell samples
for later or prolonged analysis. However, fixationmight change spectral
information, when compared to Raman spectra from live cells. Draux
et al. [36] investigated the influence of cell fixation on spectral changes
in Calu-1 cells. Raman spectra were related to spectra acquired from
extracted cell structures and live cells. It was shown that 4% formalin-
fixation and cytocentrifugation keep cells in a similar state to their living
form. However, anymethod including air-drying caused spectral devia-
tions. The suitability of formalin-fixation was also shown by Chan et al.
[37]. Methanol fixation caused delineation between normal and leuke-
mia cells, whereas data misclassification was not shown for spectra
derived from formalin fixed cells. Konorov et al. [38] presented a
spectral comparison based on Raman spectroscopy between live and
dry-fixed human embryonic stem cells (hESC) in their undifferentiated
and differentiated form. The rapid increase in intensity ratios
(757 cm−1 to 784 cm−1) of Raman bands assigned to the tryptophan
ring breathing mode in proteins and to nucleic acid backbone and
pyrimidine base vibrations can be correlated with cell differentiation.
This trend was also observed when comparing peak ratios obtained
from live and dry-fixed stem cells at different time points of differenti-
ation. Excellent agreement (p b 0.0001)was found between ratiosmea-
sured before and after dry fixation. Thus, dry-fixed stem cells are a
valuable substitute for living cell samples for time consuming Raman
mapping applications as temporal spectral patterns of differentiation
are preserved. A study by Mariani et al. [39] revealed that the influence
of the fixation method is also depending on the chosen cell line. By
probing breast and colorectal circulating tumor cells in comparison to
human normal lymphocytes, Raman spectra of dried out samples
were best to be discriminated from each other using principal compo-
nent analysis than spectra derived after methanol or paraformaldehyd
fixation [40].

After successful acquisition of a spectral data set from the sample,
the raw data have to be processed in order to detect individual com-
pounds of the sample, and based on their molecular fingerprint gener-
ate a false color Raman image. The first processing step usually
referred to as pre-processing includes the removal of cosmic ray arti-
facts from the data set as well as the reduction of background noise to
receive spectra with a smooth baseline. The pre-processed spectral
data set is then further processed bymeans ofmultivariate data analysis
procedures. In this step, false color images are generated by mapping
the scores or parameters yielded for each Raman spectrum of the data
set by amultivariatemethod as a function of spatial coordinates. In gen-
eral, this comprises two complementary approaches. Either the data set
is clustered according to similarities of the spectra or spectral unmixing
algorithms sort the data according to their greatest dissimilarities. Lasch
[41], Hedegaard et al. [42], and Miljković et al. [43] discussed methods
for spectral pre-processing and algorithms for multivariate data analy-
sis, respectively, in detail. For further insight on handling Raman spec-
tral data sets, the reader is also referred to the respective article in this
issue, as this subject is beyond the content of this article.
3. Studies on single cell imaging

The major building block molecules of a cell comprise proteins,
nucleic acids, lipids as well as phospholipids, and carbohydrates
among others.Molecular vibrations deriving from the functional groups
of these building blocks define the Raman spectrum of cells.

A Raman spectrum can be divided into three parts: the fingerprint
region b1800 cm−1, the silent region 1800–2800 cm−1 and the high
frequency region N2800 cm−1 [44].

The molecular fingerprints of the functional groups can be found
below 1800 cm−1 and above 2800 cm−1, which is dominated by CH-
stretch vibrations. Cellular Raman spectra have intensively been inves-
tigated in numerous studies. Thus, characteristic Raman bands could
be assigned to functional groups of building block molecules. As an
example, Raman spectra of themainmolecules present in cells proteins,
nucleic acids, and lipids are shown in Fig. 2. Furthermore, an overview
about important band positions and cell related functional groups is
given in Table 1. Listed wavenumbers may vary, as the given peak posi-
tion is directly related to the resolution of the used spectrometer. For
further band assignments, the reader is referred to the cited literature.
In the silent region, no natural molecular vibrations of cells occur.
Thus, molecules with distinct Raman signals in this region can clearly
be distinguished from cell spectra. This beneficial trick was used in sev-
eral studies and allowed liposome tracking within cells or the supervi-
sion of cell division. These studies and the exploitation of specific
molecular bonds such as alkyne and carbon–deuterium are further
discussed below.



Fig. 2. Raman spectra of important cellular molecules protein, nucleic acid and lipid.
Adapted from reference [54] with permission of The Royal Society of Chemistry.
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Puppels et al. [20] were the pioneers in introducing confocal Raman
microspectroscopy studying single cells and chromosomes. They
discussed Raman lines of spectra recorded from the cytoplasmic region
and the nuclei of human eosinophilic granulocytes. For a better under-
standing of banding patterns, Raman analysis of metaphase chromo-
somes was carried out as well.

Differentiation of murine embryotic stem cells was studied by
Notingher et al. [55,56]. The state of mRNA translation was monitored
by the ratio between RNA and protein peak areas (813 and
1005 cm−1, respectively). Furthermore, the intensities of RNA
Table 1
Assignment of Raman band positions dominant in cell spectra.a

Band position [cm−1] Assignment

785–788 Pyrimidine bases R
1002–1005 Phenylalanine S
1092–1095 O–P–O S
1254–1255 Amide III C
1425–1475 CH2, CH3 D
1655–1662 Amide I C
2800–3020 CH3, CH2, CH S

a Band assignments according to references [45–53].
(813 cm−1) and DNA (786 cm−1) derived Ramanpeaks were identified
as in vitro differentiationmarkers. The decrease in RNApeak suggest the
usage of RNA for protein synthesis during early cell differentiation
stages, whereas a lower intensity of the DNA peak indicates a reduced
proliferation rate of the cells upon development of amature phenotype.
Results from Chan et al. [57] go along with the latter observation. They
also reported an intensity decrease of the DNA and RNA peaks (785,
1090 and 811 cm−1, respectively) during differentiation of human
embryonic stem cells into cardiomyocytes. The study was based on
averaged single point Raman spectra. The cellular location from which
these data were taken was not based on Raman spectroscopy. Here,
the work of Zuser et al. [58] commenced. They imaged murine embry-
onic stem cell colonies with confocal Raman microspectroscopy. By ap-
plying vertex component analysis (VCA) and hierarchical cluster
analysis, they reconstructed false color images showing biochemical
compartments within the cell colonies: the nuclei surrounded by cyto-
plasm embedded in the extracellular matrix with lipid/phospholipid
inclusions. The chosen multivariate methods for image reconstruction
are complementary. VCA is an unsupervised spectral unmixing algo-
rithm, decomposing each spectrum of the hyperspectral data set (data
matrix) into a linear combination of the pure component spectra (so
called endmember spectra) [42,43], whereas hierarchical cluster analy-
sis tries to find spectral similarities. The algorithm continuously
searches for the most similar spectra, groups them and recalculates
repeatedly until all spectra are combined into a small number of clusters
[42,43].

Further work on human embryonic stem cells with regards to label-
free determination of the cell cycle phase in situ was performed by
Konorov et al. [59]. By integrating the DNA band intensity (783 cm−1)
across individual cell nuclei, the plotted histogram displayed a profile
nicely corresponding to fluorescence intensities in flow cytometry.
Thus, based onDNAband intensitieswhichwere corrected for RNA con-
tent using the RNA band at 811 cm−1 the stem cells could be assigned to
the different cell cycle phases gap phase (G1), DNA replication phase
(S), or gap phase/mitosis (G2/M).

Periodic passaging is a standard procedure in maintaining cells in
culture. However, cell detachment from the substrate and re-plating
at a lower cell concentration is amajor perturbing factor for the cultured
cells andmay lead to variances in their Raman spectra. To confine spec-
tral changes in Raman signatures due to subcultivation from changes
occurring during cell differentiation, Konorov et al. [60] performed a
study on human embryonic stem cells (hESC). Minor differences were
noticed in themean intensities of the Raman signatures of hESC, the var-
iances of certain peaks changed markedly and maximized 48 h after
passaging. The peak at 480 cm−1, which is associated with glycogen,
was identified as the major contributor to the spectral variations. A
false color Raman image of glycogen distribution in a hESC colony was
congruentwith periodic acid Schiff staining of glycogen of the same col-
ony area. Subsequently, the authors developed a procedure for absolute
quantification of intracellular glycogen content in the same cell type by
Ramanmicrospectroscopy [61]. Sample placementwithin the collective
volume for spectral acquisition and transparency as well as low elastic
ing breathing Nucleic acids
ymmetric stretch Proteins
ymmetric stretch Nucleic acid backbone, phospholipids
H/NH deformation Proteins
eformation Proteins, lipids
= O stretching mode Proteins
tretching Lipids, proteins, other
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scattering efficiency of sample and calibration reference are the two
conditions proposed in order to gain a linear proportion between
Raman signal from the sample and the amount of analyte in the sample.
The introduced method was validated against glycogen quantification
with a commercially available glycogen assay kit.

Another spectroscopic studywas presented by Tan et al. [62] under-
lying the value of Raman microspectroscopy for stem cell research.
Here, the authors compare spectral features of human induced pluripo-
tent stem cells (hiPSC), human embryonic stem cells as well as non-
specifically differentiated progeny of human embryonic stem cells.
Reprogramming seemed to lead to a reduced protein to nucleic acid
ratio, thus, hiPSC were spectroscopically similar to human embryonic
stem cells, however clearly distinguishable from differentiated human
embryonic stem cells. Nevertheless, the authors state that although
the obtained spectroscopic results are quite intriguing, further investi-
gations are absolutely necessary to exclude potential cell line artifacts.

During apoptosis, changes in DNA, proteins, and lipids occur. As a
result of cleavage, the DNA double strand is chopped in multiple frag-
ments, proteins are broken down, while lipid vesicles are formed.
These molecular changes were observed spectroscopically by inducing
cell death of A549 cells (human lung carcinoma epithelial cells) with
Triton X-100 [4]. Cell viability and DNA integrity were tested with stan-
dard method for comparison.

Despite the common approach to recognize cell death by spectral
changes in the fingerprint region, Caponi et al. [63] followed changes
in the CH-stretch region at around 3000 cm−1 in the Raman spectrum.
In particular, vibrational modes ofmembrane lipids assigned to peaks at
2854 cm−1 and 2874 cm−1 [64,65] were investigated in Jurkat cells for
different hydration states using band shape analysis.

Intracellular hydrodynamics were suggested as another biomarker
for the indication of cell functions. Based on nonlinear coherent anti-
Stokes Raman scattering microscopy studies by Potma et al. [66] show-
ing a clear separation of intracellular water domains from the extracel-
lular environment, Fukunaga et al. [67] monitored the time-dependent
water concentration changes in human acute promyelocytic leukemia
cells (HL-60) and imaged cells at high and low water concentrations
using spontaneous Raman microspectroscopy. Label-free images were
constructed based on Raman bands of proteins (1650 cm−1), lipids
(2940 cm−1) and water (3400 cm−1).

Up to here, only studies were discussed which are based on the ac-
quisition of single Raman spectra. Single Raman spectra give spectral
and therefore chemical information about distinct sample positions,
whereas Raman imaging provides the chemical information paired
with spatial information. Thus, the focus shifts towards Raman imaging
of entire cells and their subcellular structures in the following passage.

The difference between spectral information obtained by acquiring
single point Raman spectra in comparison to full hyperspectral Raman
information of the entire cell was shown by Chan and colleagues [54,
68]. The group investigated doxorubicin-induced changes in Jurkat T
cells representing a model system of T-cell leukemia recording single
Raman spectra as well as images of the entire cell with different instru-
mental approaches. In a first study, laser tweezers Raman spectroscopy
(LTRS)was applied to gain point spectra of optically trapped suspension
cells during exposure to doxorubicin over different time periods [68].
The observed sequence of spectral changes was consistent with differ-
ent stages of drug-induced apoptosis including vesicle formation, cell
membrane blebbing and chromatine condensation. After an increase
in lipid peaks (1266, 1303, 1445, 1656, and 1740 cm−1), an intensity
increase in DNA Raman peaks (785, 1092, 1340, and 1578 cm−1) was
detected followed by changes in DNA (signal decrease of peaks at 785,
1092, 1340, and 1578 cm−1) and protein Raman vibrations (increase
of phenylalanine band at 1004 cm−1). Thus, the authors concluded
that LTRS is a valuable technique for real-time monitoring of biochemi-
cal changes of suspension cells in vitro. However, the single Raman spec-
trum recorded from a fraction of the entire cell volume in point
spectroscopy is generally taken as a representative signature of the
whole cell. Therefore, a subsequent study by the same group used the
same model of doxorubicin treated Jurkat T cells and investigated
drug induced changes by line-scan Raman microspectroscopy gaining
global spectral information of each cell [54]. It was shown that locally
and globally acquired Raman spectra of nucleic acids, proteins, and
fatty acids show a different behavior as a function of drug exposure
time due to an inhomogeneous distribution of the molecular content
of a cell. Therefore, in this case the discrimination of doxorubicin
exposed and control cells based on local information of protein content
gathered by point spectroscopywould have been very difficult, whereas
groups of cells were successfully separated based on the significant
spectral differences from the global cellular level (line-scan Raman
microspectroscopy).

Uzunbajakava [28] presented Raman imaging of protein distribution
in cell types with differing levels of transcription. Peripheral blood lym-
phocytes as maturated cells exhibiting a low level of nuclear transcrip-
tion show a varying nuclear distribution of proteins, whereas
epithelial cells have a more homogenous protein distribution over the
nuclear space. The DNA intensity has on average been lower within
the nucleus in this cell type, as dynamic processes such as transcription
and replication were constantly in progress. Different protein distribu-
tion in the two cells types was shown in lateral Raman images made
at a high frequency protein band at 2850, 2885, and 2935 cm−1. Subse-
quently derived profiles through the protein images illustrated the pro-
tein variations in a cross section plot. It was further shown, that protein
distribution was identical for images obtained from the high frequency
bands (2800–3030 cm−1) and from the low frequency bands
(1433–1481 cm−1) [69]. However, care has to be takenwhen analyzing
a protein/lipid system due to the overlap of the band derived from the
phospholipid vesicle and the peak for protein image reconstructions at
1440 and 1451 cm−1, respectively. Protein and DNA distribution was
also shown in Raman images of apoptotic HeLa cells [69]. DNA was
fragmented in later stages of taxol initialized apoptosis. Line profiles
through Raman images reconstructed in the 788 cm−1 band showed
locally high intensity areas, where the DNA fragments are situated.
Here, the DNA signal intensity was ~4–5 fold higher than in healthy
HeLa cells.

Krafft et al. [64,70] mapped single cells such as fibroblasts and their
subcellular structures. Raman bands in individual spectra were first
assigned to nucleic acids (DNA and RNA), cholesterol and phospholipids
as well as to proteins. Then, false color maps were constructed by mul-
tivariate approaches, which were shown to be superior to univariate
methods due to resolving band overlaps of cell constituents. Further-
more, lung fibroblasts were imaged in anaphase, after mitosis and in
normal cell medium (Fig. 3) [71]. The location of nucleus and vesicles
within the cytoplasma and the appearance of microtubules were pre-
sented in false color maps. Changes of organelles and cell morphology
upon induced stress (adding of glyoxal) and into the apoptotic stage
were displayed in comparison to healthy cell states. Changes in Raman
spectra of nucleus and cytoplasmwere monitored along and important
band changes related to the cell state were discussed.

Similar to Krafft et al., Matthäus et al. [49] reported on the advan-
tageous use of multivariate image reconstruction algorithms over
univariate methods for generating false color maps from Raman
hyperspectral data sets. Here, fixed HeLa cells could be visualized
in detail depending on the different biochemical composition of
cell structures with a major focus on mitochondria (Fig. 4). Mito-
chondria are involved in ATP synthesis and consist of a complex
membrane structure located inside the cytoplasm. Clustered Raman
spectra from the perinuclear region showed a more pronounced
peak around 2850–2900 cm−1 in the shoulder of the CH-stretch
bands, arising from the alkane chains of lipids. Another difference
to nuclei spectra was the presence of a peak at 715 cm−1, which
potentially originated from the choline group of phospholipids
abundant in membranes. Mitochondria rich areas in pseudo color
Raman maps of HeLa cells (Fig. 4 D–F) are congruent with



Fig. 3. Light microscopy images (top row) and corresponding Raman maps of lung fibroblast cells (bottom row) in different cell live stages. Cell after mitosis (A) and under standard
cultivation conditions (B, C). Cells after stress induction (D, E) and in apoptosis (F). Colors are assigned to different cluster memberships of the Raman spectra of nucleus (red), cytoplasm
(blue, cyan), microtubule (yellow), vesicles (green), peripheral membrane (brown), and inclusion bodies (magenta). Reprinted with permission from reference [71]. Copyright (2006)
American Chemical Society.
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fluorescence images of the same sample (Fig. 4 A–C), where the
mitochondria were stained with mitotracker.

The formation of lipid droplets in cells has extensively been
investigated, as the cellular lipid cycle has an impact on arteriosclerosis
due to foam cell formation, liver diseases or cancer cells. The formation
of lipid bodies in neutrophils was observed after cells were exposed to
arachidonic acid for 1 h, where unstimulated neutrophils did not con-
tain lipid bodies (Fig. 5) [44]. Lipid bodies were clustered as high punc-
tuate regions comprising strong Ramanpeaks derived fromunsaturated
moieties at 1658, 1267 aswell as 1441 cm−1 for CH2 deformation (Fig. 5
C, D). Furthermore, it was demonstrated that lipid bodies reassemble
around ingested polystyrene beads. To confirm the origin of lipid bodies
due to the exposure of arachidonic acid, Raman analyses were repeated
using deuterated arachidonic acid (Fig. 5 E–G). As a consequence of pro-
ton substitution, the vinylic =C–H stretch vibrations shift from
3013 cm−1 to 2220 and 2249 cm−1 (Fig. 5 H). As the vinylic =C–D
stretch vibrations are located in the silent region of the cellular Raman
spectrum, no other bands were interfering and the presence of arachi-
donic acid was visualized anywhere in the cell body. The obtained im-
ages using deuterated arachidonic acid are congruent with previous
results. Furthermore, the appearance of a Raman band at 1740 cm−1

in the spectrum of the lipid body representing carboxyl ester C = O
stretch vibration gives evidence that arachidonic acid is partially esteri-
fied in lipid bodies.

Majzner et al. [72] imaged the formation of lipid droplets in aortic
endothelia cells after supplying arachidonic acid. Their size and dis-
tribution was displayed in three dimensions inside the cytosol with
respect to nuclei. Dominant peaks in the Raman spectrum of lipid
droplets can be assigned to unsaturated fatty acids namely oleic
and arachidonic acid, giving information about the biochemical com-
position of lipid droplets in cells. Stiebing et al. [73] studied the
uptake of arachidonic acid in human macrophages (THP-1). The
exogenously fed polyunsaturated fatty acid was deuterium-labeled
and therefore, distinguishable from intracellular lipids. Raman im-
ages showed uptake and storage in lipid droplets over time. Howev-
er, storage efficiency and foam cell formation due to a lipid overload
was more pronounced, when macrophages were provided with
extracellular deuterated palmitic acid.

The excessive presence of lipid droplets in colorectal cancer stem
cells (CR-CSCs) in comparison to differentiated colon cancer cells and
normal colon epithelial cells was shown by Tirinato et al. [74]. Both
peaks at 1300 and 2850 cm−1 related to lipid vibrations were
space-correlated in Raman images and showed the highest intensity
in CR-CSCs. Results were confirmed by measuring lipid droplet
expression with flow cytometry. Furthermore, the lipid droplet con-
tent was correlated to an over-expression of known markers for CR-
CSCs.

An abnormal accumulation of esterified cholesterol in lipid droplets
of prostate cancer tissue was reported by Yue et al. [75]. In a first step,
intracellular lipid droplets were visualized by coherent anti-Stokes
Raman imaging proving that morphologically identical information
was obtained in comparison to classic hematoxylin and eosin staining.
In order to evaluate the lipid composition, confocal Raman spectral
analysis was utilized. In normal prostate, the characteristic C = O
ester stretching band at 1742 cm−1 was absent suggesting that stored
lipids were primarily unesterified. Contrarily, spectra of intracellular
lipid droplets in prostate cancer were almost identical to the spectrum
of pure cholesteryl oleate showing bands at 428, 538, 614, and
702 cm−1 for cholesterol rings as well as the ester bond. On the basis
of a calibration curve using the height ratio of the 702 cm−1 band and
the 1442 cm−1 band (CH2 bending) of spectra recorded from mixtures
of cholesteryl ester and glyceryl trioleate, the cholesteryl ester percent-
age in lipid droplets of prostate cancerwas quantified. Resultswere con-
firmed by electrospray ionization mass spectrometry, and thus the
authors concluded that cholesteryl ester presents a promising molecu-
lar marker for future prostate cancer diagnosis.

Schulze et al. [76] presented a study on chemical imaging of the cel-
lular nucleus and its substructures. TheRaman informationwas evaluat-
ed in comparison to differential interfering contrast images and images
of nuclear stains. Based on pyrimidine and DNA O–P–O stretch vibra-
tions (783 cm−1) andRNAO–P–O stretch vibrations (809 cm−1), chem-
ical maps showed the distribution of all nucleic acids in the nucleus in
general as well as subcellular RNA clusters. Furthermore, the protein
distribution based on the phenylalanine band 1003 cm−1 was found
to be similar to subnuclear nucleic acid distribution. The authors intro-
duce morphometric analysis of the nucleolus by Raman imaging of its
area and subsequent size determination. With regards to cancer cells
which often show large nucleoli due to their rapid proliferation [77],
this approach could be implemented to evaluate drug effects on nucleoli
size, shape, and number in chemotherapeutics.



Fig. 4. Comparative study between fluorescence (A–C) and Raman imaging (D–F). Mitochondria rich areas are always depicted in green, proving the congruence of both analytical
techniques. Reprinted from reference [49]. Copyright (2007), with permission from Elsevier.
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Repeated imaging of living lymphocytes was reported by Pully et al.
[78]. The same cell could be imaged 10–15 times in series before show-
ing physical damage in the form of blebbing. Early and late acquired
false color Raman images in the series only showed slight variation in
DNA distribution due to internal motion of the nucleus. Bands of
protein (2930 cm−1) are also constant prior to cell blebbing.
Raman difference spectra from all data cubes reveal a contribution
of carotenoids with bands at 1524, 1154, and 1004 cm−1. Caroten-
oids are mainly located in the cytoplasm as shown in a chemically se-
lective image. Furthermore, carotenoids were detected in close
approximation with lipid regions of the Golgi apparatus. A calibra-
tion curve of Raman scattering amplitude versus different concentra-
tions of β-carotene allowed to estimate the molecular carotenoid
concentration of 2.3 μM in a voxel of the image. The gradual
decrease of carotenoids in the difference spectra as the image
series proceeded was linked to the known photobleaching suscepti-
bility of the molecules.

Human sperm cell composition is divided into head, neck and mid-
dle piece as well as the flagellum. Raman microspectroscopy was suc-
cessfully applied for chemically selective imaging of the nucleus as a
cell organelle, as well as the mitochondria rich middle piece and the
neck. Subsequently, the damage of spermatozoa by ultraviolet radiation
was tested. Themiddle piece was affected before damages of the nucle-
us became spectroscopically detectable [79]. Based on this study, Huang
et al. [80] combined Raman microspectroscopy with image analysis for
rapid identification of DNA integrity in sperm cells. To assess the quality
of sperm cells for in vitro fertilization, vibrational marker modes of
Raman spectra taken from sperm cells were identified by Huser et al.
[81], as improperly packed DNA often accompanied by aberrant sperm
headmorphologies has been correlated tomale infertility. The intensity
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of the band at 785 cm−1 originating from cytosine breathing modes as
well as from theDNAbackbonemarks the efficiency of the DNA packag-
ing process. The lower the intensity, the higher the protein binding re-
sponsible for the packaging process. The protein amount was assessed
by the intensity of the methylene deformation mode at 1442 cm−1. As
an internal independent marker for DNA–protein complex quantifica-
tion the band at 1092 cm−1 (DNA backbone vibration) was chosen.
Although the DNA–protein ratio could successfully be determined for
normal and abnormally shaped sperm cells, the relative protein content
per cell as well as DNA packaging efficiencies covered a rather wide
range.

Wang et al. [82] acquired Raman spectra from different cells guid-
ed by confocal images to detect distinguishable spectral features of
HaCaT cells, melanocytes and their malignant counterparts' squa-
mous cell carcinoma and melanoma cells, respectively as a potential
diagnostic tool in dermatology. The differences were presented by
plotting difference spectra and discrimination analysis was super-
vised by generating so called receiver operating characteristic
(ROC) curves.

Differences in morphological features of breast carcinoma cells
(MCF-7/NeuT) and their doxycycline hyclate induced oncogenic senes-
cent alterationwere shown by Raman imaging displayed as varying CH-
peak intensities as well as hierarchical cluster analysis images [83].
Structural modifications in the nuclear envelope showed to be specific
for unsaturated lipid in the membrane. While control cells possess a
combination of trans and cis unsaturated membrane lipids, their senes-
cent counterparts contained a high contribution of unstable cis isomers
in the nuclear membrane.

In this section, Raman mapping for single cell imaging was intro-
duced. An overview of representative peak positions in the Raman spec-
trum of cells has been given. Thereby, the reader can follow the band
assignments used in different studies to identify and consequently
visualize subcellular structures in different cell types. A few studies
based on cancer and differentiation of cancer cells and their malignant
Fig. 5. Formation of lipid bodies in neutrophils. Neutrophils do not show lipid bodies until expo
sponding cluster image (B). Colors are assigned to cytoplasm (green, red) and nucleus (blue). L
for band at 1658 cm−1 (C) and corresponding cluster image (D). Lipids are displayed in blue, n
polystyrene beads (bottom row). Intensity maps for Raman bands at 1000 cm−1 (polystyrene
cluster map (G). Cluster colors blue, orange, and green are assigned to spectra 1, 2, and 3, resp
[44]. Copyright (2005) National Academy of Sciences, USA.
counterparts were also discussed. However, for further reading on
Raman spectroscopy for diagnostic purposes and physiological investi-
gations the reader is referred to themed articles in this issue.

4. Uptake of drug and nutrients in solution

In pharmaceutical therapy, drugs may also be administered in solu-
tion without any specific carrier, if bioavailability and drug stability are
reasonable. Furthermore, upon carrier evaluation, comparative studies
with the simple drug solution are often performed. However, sensitive
and specific imaging of small dispersed molecules is highly challenging.
Here, functional groups such as alkyne and deuterium have gained at-
tention as potential markers to increase the Raman sensitivity of the
molecules of interest as these groups display Raman peaks in the silent
region of the cell spectrum (1800–2800 cm−1).

Besides their spectroscopic feature, alkyne groups (C ≡ C) display
chemical advantages. They are small and barely existent inside cells,
thus considered to be exogenous [84]. Furthermore, alkynes are
biorthogonal [84,85] meaning they are inert to reactions with en-
dogenous biomolecules. The term alkyne-tag Raman imaging was
introduced by the Sodeoka group [85]. Yamakoshi et al. [86] utilized
5-ethynyl-2′-deoxyuridine (EdU) a thymidine analog as an alkyne-
tagged probe for chemically selective monitoring of cell prolifera-
tion. EdU was reported to be easily incorporated into cellular DNA
during replication. Furthermore, it accumulates in the nucleus and
is thus suitable to measure de novo DNA synthesis [87]. Due to the
introduction of the alkyne group in the 2′-deoxyuridine molecule,
a Raman peak in the silent region of the cell spectrum arises. To
eliminate any extracellular molecules, HeLa cells incubated with
20 μM EdU for 6 h were washed prior to Raman microscopy analysis.
False color Ramanmaps were reconstructed from bands at 749 cm−1

(cytochrome c) [21], 2849 cm−1 (lipids) and 2123 cm−1 (EdU). Con-
trary to treated cells, control cells did not reveal any alkyne peaks
(Fig. 6A). The localization of EdU in the cell nucleus was confirmed
sed to arachidonic acid (top row). Light microscopy images of a neutrophil (A) and corre-
ipid bodies form upon external arachidonic acid supply. Raman intensity map constructed
ucleus in green and cytoplasm inmagenta. Lipid bodies reassemble around phagocytosed
, E) and 2200–2280 cm−1 (deuterated arachidonic acid (AA-d8), F), as well as false color
ectively in H. Polystyrene peaks are highlighted with an asterisk. Adapted from reference



Fig. 6. Time-course false color Raman images of HeLa cells cultured in the presence of 5-ethynyl-2′-deoxyuridine (EdU). Control cells are cultured without EdU (A). Raman images at dif-
ferent time intervals show an increase of EdU containing cells (B–F). Colors are assigned to Raman bands of EdU (red, 2123 cm−1), lipids (green, 2849 cm−1), and cytochrome c (blue,
749 cm−1). Reprinted with permission from reference [86]. Copyright (2011) American Chemical Society.

81B. Kann et al. / Advanced Drug Delivery Reviews 89 (2015) 71–90
by fluorescence images after tagging EdU with a dye. Subsequently
performed real-time Raman investigations of active DNA synthesis
showed an increasing number of EdU positive cells (Fig. 6 B–F). Ac-
cording to the reported doubling time of 20 h for HeLa cells [88,89]
almost all cells in the Raman image acquired after 21 h showed
EdU in their nuclei.

Furthermore, various alkynes were investigated, showing that
Raman intensity and Raman shift were highly dependent on the pattern
of substituents [85]. Thus, it is possible to design two alkyne taggedmol-
ecules for simultaneous detection in the same cell sample. This was
shown in a study of HeLa cells incubated with EdU (40 μM) and AltQ2
(2 μM), a coenzyme Q analog. The corresponding alkyne peaks located
at 2122 cm−1 (EdU) and 2248 cm−1 (AltQ2) in the Raman spectrum
could be easily discriminated.

Recently, a study of Yamakoshi et al. [90] was published introducing
another mitochondrion-targeting Raman probe called MitoBADY.
Bisarylbutadiyne (BADY) providing the alkynyl structure was linked to
the known mitochondrial targeting moiety triphenylphosphonium.
HeLa cells were incubated with MitoBADY (400 nM) and the substance
was detectable (2220 cm−1) inside the cellswithin 5min. Simultaneous
detection of cytochrome c (751 cm−1) showed congruent cellular
distribution.

A broad study of alkyne tagged biomolecule visualization in dif-
ferent cell types among others was performed by Wei et al. [84]. To
overcome time consuming image acquisition, the authors used stim-
ulated Raman scattering microscopy, as the concept of ATRI is appli-
cable to non-linear Raman techniques as well. The metabolic uptake
of EdU (100 μM) was imaged (2125 cm−1) during de novo DNA syn-
thesis, whereas RNA transcription and turnover was analyzed with
5-ethynynl uridine (2 mM), an analog of the ribonucleoside uridine.
Newly synthesized proteoms within methionine starved HeLa cells
were visualized by supplementing the cell culture medium with
2 mM of an alkyne-tagged analog of methionine called L-
homopropargylglycine. The formation of numerous lipid droplets
indicating a transformation into foam cells was shown after incuba-
tion of THP-1 macrophages with 17-octadecynoid acid (17-ODYA,
400 μM). Finally, the penetration of the antifungal drug terbinafine
into mouse ear tissue was investigated. Due to the internal alkyne
of the drug molecule it could be easily detected by following the
Raman peak at 2230 cm−1.

Erlotinib is a chemotherapeutic drug which selectively inhibits the
epidermal growth factor (EGF) receptor. Its chemical structure
comprises an alkyne group, which contributes a Raman signal at
2110 cm−1 to the compounds spectrum. Thus, the drug can easily be
differentiated from cell spectra due to its internal marker. El-Mashtoly
et al. [91] studied the uptake of erlotinib into colorectal adenocarcinoma
cells (SW480). After 12 h of incubation with drug solution (100 μM),
erlotinib was detected in the cell periphery by Raman imaging. To in-
crease solubility and transport, the drug was dissolved in 6% captisol, a
polyanionic β-cyclodextrine derivative in water. The selective peak at
1053 cm−1 of this enhancer was not detected in the Raman spectrum
of internalizederlotinib.However, spectral changesbetween1170–1595-
cm−1 among reference and internalized drug were observed. These
shifts were correlated to drug metabolism within cells, and desmethyl-
erlotinib was spectrally identified as the metabolite in this case.

Due to similar chemical properties of isotopes like deuterium
(2H) or 13C and their natural counterpart, isotopes are used to label
and trace biomolecules like proteins, nucleic acids or lipids in cell
biology. Van Manen et al. [92] incubated HeLa cells with deuterium
labeled amino acids and investigated their uptake and incorporation
into cellular proteins over time. Tyrosine and methionine were
followed by their CD-stretch Raman bands (2000–2300 cm−1),
whereas phenylalanine was traced by using its characteristic band
at 1001 cm−1, which shifts to 959 cm−1 due to the introduction of
deuterium. Isotope related Raman signals were detectable inside
HeLa cells after 8 h of incubation and further increased with time.
The spatial distribution of unlabeled and isotope-labeled proteins
was found to be similar based on Raman imaging.
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For studies of lipidmetabolism inside cells, stable isotopic labeling of
fatty acids is required for their differentiation from their native counter-
parts as done byMatthäus et al. [93]. They utilizedmacrophages (differ-
entiated THP-1 monocytes) to study uptake dynamics and distribution
of fatty acids and potential foam cell formation, which is considered as
a first indicator for atherosclerosis. Serum albumin complexed deuteri-
um labeled palmitic and oleic acid (400 μM each) as well as cholesterol
(50 μM) were fed to macrophages. Fatty acids were continuously taken
up by macrophages until after approximately 30 h the entire cytosol
was filled with lipid droplets. Foam cell formation was observed in
this late stage of incubation. The gradual increase of engulfed lipids
was quantitatively evaluated by plotting the CD/CH ratio of spectra nor-
malized to CH-scattering intensities against time. In contrast, sufficient
signal intensity of deuterium labeled cholesterol was only detectable
after 24 h of incubation. Due to an increasing signal intensity at
1745 cm−1 assigned to C=O-stretch vibrations of carbonyl groups
over time, the authors postulated that fatty acids and cholesterol are
possibly esterified and stored as triglycerides in lipid droplets. This
assumption was supported by an enzymatic assay.

Overall, Raman studies of drug or nutrient solutions are sparse. This
is mainly due to the fact that detection of finely dispersed molecules is
challenging. Thus, rather high concentrations have to be applied to
reach a sufficient accumulation inside the cell for detection. In the pre-
sented studies all molecules were equipped with an internal marker
whichmainly contributed Raman bands in the silent region of the spec-
trum making detection feasible.

5. Uptake of particles and carrier systems

Many nanocarriers have been developed intended for intracellular
drug delivery. Besides the therapeutic purpose of these small systems,
potential cytotoxicity aspects have to be considered. The word
nanotoxicity has become standard terminology in discussions of cellular
interaction with nanosized particles, partly due to the immense use of
non-biodegradable engineered particles in material sciences. One im-
portant question is the potential internalization of such particles and
their intracellular fate. Here, drug carrier systems have to be considered
as well as other nanoparticles such as carbon nanotubes and inorganic
particles.

Liposomes are small vesicles with a phospholipid bilayermembrane
surrounding an aqueous core. As phospholipids are a natural compo-
nent of cells, the sensitivity for biochemical imaging of liposomes in
cells has been increased by using deuterated phospholipids for liposome
preparation [94,95]. The covalently bound deuterium is not perturbing
with the analysis of live cells. Due to the introduction of CD-bonds,
Raman bands of the CD-stretch vibrations in the silent region between
2000–2300 cm−1 become a prominent structure while Raman band in-
tensities of CH-bonds decrease making liposome detection feasible.

The uptake of liposomes made of deuterated 1,2-distearoyl-sn-
glycero-3-phosphocholine (DSCP) in human breast adenocarcinoma
MCF-7 cells was studied in direct comparison to surface modified
DSCP-liposomes [94]. After 6 h of incubation only few cells showed
liposome inclusion, whereas liposomes were internalized in all investi-
gated cells after 12 h indicating that cellular uptake reaches a plateau.
Liposome internalization was chemically selective displayed in lateral
overview images of CH- and CD-stretching intensities, where CH-
vibrations represent the most prominent band of the protein spec-
trum in the cytoplasm and CD-bands represent the liposomes. To
exclude liposome absorbance on the cell surface, depth images of
the xz-direction were presented additionally. The modification of
the liposomal surface with the cell penetrating peptide TATp yielded
an accelerated uptake. Thus, TATp-liposomes were localized in the
cell periphery around the membrane after 3 h and a deeper penetra-
tion into the cell body of all investigated cells after additional 3 h.

Chernenko et al. [95] prepared three different types of cationic lipo-
someswith a size of ~175 nm. HeLa cells were incubated for 1, 3 and 6 h
with suspended liposomes prior to Raman imaging. 1,2-dioleoyl-3-
trimethylammonium-propane (DOTAP) and stearyl amine (SA) modi-
fied cationic liposomes did not show an increased penetration nor a
variable cell translocation pattern over time. Rather than being com-
partmentalized, liposomes stayed in the periphery of the cell forming
aggregates. Liposomes modified with stearyltriphenylphosphonium
(STPP) known for mitochondria affinity, led to different intracellular
behavior of liposomes and an enhanced uptake. The visual observation
of STPP-modified liposomes enriched in mitochondria-rich perinuclear
regions was also observable in the endmember spectra of the VCA.
Here, the spectrumderived from themitochondria-rich area showed dis-
tinct CD-stretching vibrations from the liposomes.

Poly(lactic-co-glycolic acid) (PLGA) is an often used biodegradable
polymer for nanoparticle preparation. Its degradation is mainly driven
through hydrolysis of the ester linkages or/and enzymatic degradation
[96,97]. The ester bonds are represented by the carbonyl stretching
vibrations at 1768 cm−1 in the Raman spectrum of PLGA [98]. The
depletion of this bond was utilized to monitor phagocytozed PLGA mi-
crosphere degradation. Difference spectra calculated fromspectroscopic
data after Raman imaging showed a 30% decrease in the ester bond
intensity twoweeks subsequent to incubation start. When PLGAmicro-
spheres were cultivated in absence of macrophages, no signs of degra-
dation were observable.

Mapping of intracellular PLGA nanoparticles and their degradation
was also performed by Chernenko et al. [99]. Due to the smaller particle
sizes, degradation was observed after 3 to 6 h after renewing the cell
culture medium and hence terminating further particle incorporation.
Here, the intensity decrease of the ester peak at 1765 cm−1 was again
taken as a marker for PLGA hydrolysis until fully vanished from the
spectral data set. The decrease of the ester peak goes along with an
increase of a lipid characteristic peak at 1740 cm−1, suggesting that
PLGA nanoparticles are enclosed in vesicles. A similar study was con-
ducted on the uptake and degradation of PCL (poly(ε-caprolactone))
nanoparticles [99]. PCL is another biocompatible and biodegradable
polymer with slower degradation kinetics than PLGA [100,101]. After
an incubation time of 7 h, all HeLa cells showed PCL particle inclusion.
Longer incubation times did not lead to an increased intracellular con-
centration. However, a formation of intracellular lipid droplets as a con-
sequence of nanoparticle internalization was detected. Spectral end
members of the VCA analysis of the Raman spectral data cube revealed
phospholipid-characteristic peaks aswell as the band at 1745 cm−1 cor-
responding to the ester bond. Thus, the authors concluded that the
development of inclusion areas is linked to the formation of endocytotic
vesicles upon particle engulfment. Spectral signatures became less pro-
nounced over 17 h postincubation, indicating PCL degradation, but did
not vanish entirely over the investigated time period.

Romero et al. [102] also discovered the co-localization of lipid bodies
and internalized PLGA nanoparticles. They proved the suitability of
Raman spectroscopy for simultaneous detection of nanoparticles and
lipid cell bodies by identifying reference peaks of pure PLGA nanoparti-
cles and lipid bodies in spectra taken from hepatocarcinoma cells
(HepG2) incubated with PLGA nanoparticles. The particle uptake was
subsequently investigated by spectral acquisition along the z-axis of
cells previously exposed to nanoparticles. Stabilization of PLGA par-
ticles with BSA led to higher cellular engulfment than stabilization
with poly(ethylene imine) (PEI).

The same group studied the intracellular delivery of doxorubicin
from PLGA nanoparticles [103]. Here, Raman spectra taken from the
nucleus of treated HepG2 cells revealed a drastic change of DNA/protein
ratio calculated from the nucleotide band at 1338 cm−1 and the amide
III band (1200–1290 cm−1). This effect was only observed when cells
were incubated with doxorubicin loaded particles and not for the
empty carrier, as doxorubicin intercalates in DNA strands inhibiting
the cell replication process.

PLGA nanoparticles with a layer-by-layer coating of the antibody
antiTNF-α were investigated for intracellular delivery of the antibody
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[104]. First, Raman spectra of cell cytoplasm, antibody and uncoated
nanoparticles were compared to Raman spectra taken from HepG2
cells incubated with antiTNF-α PLGA nanoparticles to identify their
chemical signatures. Outstanding Raman bands between 1500 and
1700 cm−1 originating from proteins and C = O -stretch vibrations of
the antibody were identified. A line scan across the cell was carried
out to analyze component distribution. Cells exposed to antiTNF-α
PLGA nanoparticles revealed a major association of antibody with lipid
signal from the cell and only a small fraction coincided with nanoparti-
cle signal. Thus, the authors concluded that antiTNF-α is delivered into
the cell, released from its carrier and preferentially localized in lipid rich
regions of the cytoplasm.

Another loaded PLGA system for intracellular delivery was studied
by Matthäus et al. [105]. Despite a low loading efficiency of β-carotene
(0.063 μg β-carotene per mg PLGA), the Raman spectra of the β-
carotene loaded PLGA nanoparticles were dominated by bands charac-
teristic for β-carotene (1510, 1153 and 1004 cm−1) due to the reso-
nance Raman effect of the molecule making intracellular detectability
feasible (Fig. 7). Mouse fibroblasts (NIH-3 T3) showed a maximal up-
take after 3 h of incubation with β-carotene PLGA nanoparticles. Analy-
sis of the spectral data set by VCA revealed an encapsulation of particles
in endosome like vesicles after cellular engulfment due to the superpo-
sition of spectral feature characteristic for β-carotene as well as lipid
structures (Fig. 7 C). An increased fluorescent background of spectra as-
sociated with particle distribution suggested the beginning β-carotene
degradation within the investigated time period of 9 h.

Recently, in a study of Verderio et al. [106] PLGA nanoparticles were
used as a carrier for intracellular delivery of the antiproliferative com-
pound ASC-J9 (1,7-bis(3,4-dimethoxyphenyl)-5-hydroxyhepta-1,4,6-
trien-3-one). The loaded particles were taken up by human breast can-
cer cells (MCF-7) within 24 h as shown by confocal Raman microscopy
experiments. Pseudo-colored Raman maps depicted intracellular parti-
cle localization with respect to nucleus and vesicles based on character-
istic Raman bands for cytoplasm (1450 cm−1, CH deformation in
proteins and lipids), DNA (788 cm−1, O–P–O backbone stretch), and
fatty acids (1300 cm−1, CH2 vibration). Classical least square analysis
Fig. 7.Cellular uptake ofβ-carotene loaded PLGA nanoparticles. Raman spectra and correspondi
carotene and lipids in superposition (C). Scale bar is 10 μm. Reprinted from reference [105]. Co
utilizing a nanoparticle reference spectrum showed a co-localization
with intracellular vesicles in some areas indicating an endosomal path-
way active in particle uptake.

As cell penetrating peptides (CPP) are quickly internalized by cells,
these small molecules have shifted into the focus of pharmaceutical
research due to their potential for intracellular delivery. Thus, cell
penetrating peptides can be conjugated with, encapsulated by or phys-
ically adsorbed to carrier systems like polymeric nanoparticles, CNTs,
dendrimers, micelles, solid lipid nanoparticles or liposomes, imaging
agents including gold nanoparticles and quantum dots as well as other
cargo like nucleic acids, proteins and drug molecules. However, prior
to studying the use of CPPs as a vector to channel their cargo inside
cells, more information about the intracellular localization of
CPPs as well as their microenvironment and secondary structure
postmembrane penetration has to be gained. In this context, Ye
et al. [107] investigated penetratin a 16-residue CPP, its distribution
and secondary structure within human metastatic melanoma cells
(Sk-Mel-2) by Raman microscopy. In cellular Raman spectra, a pro-
nounced vibrational band at 1003 cm−1 is generally observable. It
is associated to the aromatic ring breathing modes of the amino
acid phenylalanine [108]. Furthermore, the enormous peak contribu-
tion of other endogenous proteins hinders the intracellular detection
of exogenous peptides. Thus, Ye et al. [107] used 13C atoms to label
the phenylalanine residue of penetratin. As a consequence, the vibra-
tional band of the ring-breathing mode shifted from 1003 cm−1 to
967 cm−1 as reported in literature [109] and tracing of the rapid
entry of the CPP into cell cytoplasm as well as into the nucleus
became feasible. After calculating difference spectra and principal
component analysis, the peptide Raman spectrum was resolved
from the cellular background signals. Thus, based on the amide I
band position in the resolved spectra, the secondary structure of
penetratin was determined to be mainly random coil and β-strand.
As CPP spectra could not be concomitantly detected with lipid
Raman signatures paired with the quick intracellular detection with-
in 2–3 min after exposure, a non-endocytotic internalization route
was proposed.
ngmaps are aside showing protein features (A),β-carotene PLGAnanoparticles (B), and β-
pyright © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.



Fig. 8. Stem cell labeling with collagen coated single-walled carbon nanotubes for Ramanmicroscopy. Images A and C show phase contrast, Raman andmerged images, whereas xz cross
section investigations (B) only depict phase contrast and Raman image. Images are generated by the intensity of the G-band of carbon (D). Red refers to high and green to lower band
intensities, and thus accumulation densities of nanotubes within the cells. Adapted from reference [113] with permission of The Royal Society of Chemistry.
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The supervision of stem-cell based therapy relies on the discrimina-
tion between implanted and host cells. State of the art for stem cell
labeling and tracking is the utilization of genetically encoded luciferase
andfluorescent proteins [110–112] necessitating complex geneticmod-
ifications of the stem cells. Mao et al. [113] introduced collagen coated
single-walled carbon nanotubes (Col-SWCNTs) for long-term stem cell
labeling. The authors used confocal Raman imaging to visualize the
internalization of Col-SWCNTs by human bonemarrow-derivedmesen-
chymal stem cells (hMSCs) (Fig. 8). The focal plane for spectral acquisi-
tion was set to the plane containing the cellular nucleus. The G-band at
1590 cm−1 was used for SWCNT detection. Lateral and depth profile
false color Raman images revealed internal SWCNT localization around
the nucleus in higher and lower density regions in the cell cytoplasm
(Fig. 8 A, B). The same distribution patternswere observed whenmulti-
ple cells were mapped (Fig. 8 C). Despite the high number of internal-
ized Col-SWCNTs, neither obvious cytotoxic effects nor influences on
the differentiation potential of hMSCs were observed. Continuousmap-
ping of the labeled hMSC culture over 14 days showed a decrease of
SWCNT per cell over time detected by a drop in signal intensity of the
CNT G-band, which is a direct effect of dilution by prolonged cell divi-
sion. Nevertheless, Raman signal intensity obtained from labeled
hMSC cells was still high enough, thus indicating the potential of Col-
SWCNT as suitable labels for stem-cells therapy monitoring.
Further uptake studies of SWCNTs into hMSC cell were performed by
Holt et al. [114]. They stabilized their SWCNT with bovine serum albu-
min (BSA) and included a second cell line namely HeLa cells into their
study. A high dispersive degree of SWCNTs through BSA stabilization
was confirmed by NIR fluorescence measurement, as bundling on
CNTs is known to cause quenching of the inherent fluorescence [115].
Raman maps showed the uptake of BSA-dispersed SWCNTs into the
cytoplasm of both cell types, where the majority was located in the
perinuclear region. However, the positioning of some SWCNTs toward
the cell boundary, indicate an interaction of SWCNT and filamentous
actin [116]. Superimposed phase contrast images on Raman maps did
not reveal any harmful cellular effects despite very high local SWCNT
concentrations up to 15 μg/mL. Although the global concentration of
SWCNT per cell is high, only ≈0.1% of the cellular volume was hold by
SWCNTs. Raman imaging in different z-positions visualized the
SWCNT distribution throughout the cell body. A rather strong intensity
just above the cell was also rated as an indication of possible interac-
tions with the cell membrane.

Besides the uptake of PLGA nanoparticles theMoya group [102–104]
also investigated theuptake of oxidated carbonnanotubes (CNTs) [117].
Due to spectral acquisition along the z-axis through a cell previously
exposed to CNTs, Raman bands from cell cytoplasm, organelles and
CNTs can be recorded simultaneously. The D and G-band at 1350 and



Fig. 9. Titanium dioxide (TiO2) engulfment into oral buccal cells. A) Spectra of cell cyto-
plasm (red), nucleus (blue) and TiO2 (black). The peak for TiO2 discrimination is highlight-
ed. B) Sketch of a cell showing the vertical planes for Raman investigations. Cross section
Raman images showingmultiple particle engulfment states. Colors are assigned according
to spectra (TiO2 is depicted in yellow). Adapted from reference [122] — Reproduced by
permission of The Royal Society of Chemistry.
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1585 cm−1, respectively, were chosen for CNT tracking. Independent of
z-position, CNT associated bands were only found concomitantly with
CH3-stretchingmodes, which are typical for proteins and generally rep-
resent the cytoplasm. Thus, in contrast to analytical results from PLGA
nanoparticle internalization studies, CNTs were not associated with
lipid bodies.

In medical inorganic chemistry, research attention has been drawn
towards metal complexes with therapeutic activity. However, it was
shown that fluorescence labeling alters the biodistribution and proper-
ties of ruthenium–bipyridyl complexes [118]. Thus, fluorescence
microscopy is inapplicable for cellular internalization studies, as the
native behavior of the metal complex is changed. Consequently,
attaching fluorescent markers to other metal complexes of interest
might cause analog hindrances. Meister et al. [119] studied the uptake
of the manganese-based CO-releasing molecule [Mn(tpm)(CO)3]Cl
(tpm= tris(1-pyrazolyl)methane) into HT-29 colorectal adenocarcino-
ma cells. This metal–carbonyl complex shows a strong Raman band in
the silent region of the cell spectrum due to the C ≡ O stretching vibra-
tions. Therefore, it iswell suited for confocal Ramanmicroscopy analysis
and fluorescencemicroscopy can be neglected. In aqueous environment
when the complex is dispersed in cell culture medium for incubation,
the peak shifts from 1944 cm−1 to 1963 cm−1 but stays within the
silent region not hampering analysis. Reconstructed false color Raman
images from CH-stretching vibrations and C ≡ O-stretching vibrations
between 2800–3050 cm−1 and 1945–1965 cm−1, respectively, visual-
ize the association of the metal–carbonyl complex primarily with the
nucleus and the nuclear membrane. An absorbance on the cellular
surface was excluded by cross-section Raman images. In addition
to cellular internalization, a photoinducable cytotoxic activity of
[Mn(tpm)(CO)3]Cl against cancer cells has been reported in litera-
ture [120] making the complex a promising candidate for cancer
therapy.

Adenocarcinoma cells (SK-BR-3) were incubated with pegylated
gold nanorods overnight and subsequent Raman mapping visualized
the successful internalization [121]. Cluster analysis differentiated
between cell nucleus, cytoplasm, cell membrane and gold nanorods.
The respective cluster spectrum for gold nanorods revealed the typical
fluorescence signal in the fingerprint region. Thus, the Raman signals
from the cell were masked in the fingerprint region in areas were gold
nanorods were localized. However, cellular spectral information could
be extracted from the superimposed fluorescence by multivariate
methods. By calculating the spectral differences between this
disentangled spectrum and cellular spectra from SK-BR-3 control cells,
a shift in the lipid–protein ratio was observed. As the lipid peak at
2856 cm−1 increased while the protein bands (2950–2965 cm−1)
dropped in intensity, the authors concluded that lipid vesicles encapsu-
lating PEG-gold nanorods were possibly formed.

Besides drug-loaded carriers in nanometer size, numerous
nanomaterials confront the human body as non-active compounds
of therapeutics like tablets or within food and consumer products.
For instance, the wide use of titanium dioxide nanoparticles in
daily consumer products as well as their use as food additive raises
the question about their fate upon contact with the human body.
Kann et al. [122] visualized particle uptake into human oral buccal
mucosa cells (TR146) in lateral (xy) and cross section (xz/yz) im-
ages (Fig. 9). As some particles were even detected in close approx-
imation to the cell nucleus, genotoxic consequences of the TiO2

invasion have to be considered in future experiments. Besides
uptake via the oral route, pulmonary exposure is another entrance
way for nanoparticles into the human body. Thus, Ahlinder et al.
[123] chose lung epithelial cells (A549) to study the cellular uptake of
titania and goethite (α-FeO(OH)) nanoparticles. Ramananalysis revealed
that 37%, 32% and 23% of voxels contained a spectral contribution from
the respective particles at 638 cm−1 for TiO2, 388 cm−1 for α-FeO(OH)
or a band mixture and cell nucleus corresponding signatures. Similar
findings of nanoparticle association with cell nuclei in both studies
highlighted the importance of further studies on interactions of these
nanoparticles with DNA on the molecular level to gain insight on poten-
tial genotoxic effects.

In this chapter, Raman imaging studies on cellular interactions with
nanosized particles ranging from drug delivery systems up to commer-
cialized nanomaterials have been summarized. As Raman imaging relies
on the detection of molecular vibrations, the material of the nanosized
particles has to contribute other bands than cells to be distinguishable
and thus making analysis feasible.

5.1. Surface enhanced Raman scattering microscopy for cellular
applications

So far, only studies based on spontaneous Raman microscopy for
cellular investigations have been discussed. Due to emerging scientific
interest in Raman microscopy a variety of linear and non-linear tech-
niques based on the Raman effect have been introduced for cellular
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applications. The non-linear Raman techniques such as coherent anti-
Stokes Raman scattering microscopy are discussed in detail elsewhere
in this issue.

The low Raman scattering efficiency of an analyte especially of
biological nature can significantly be increased by locating it near the
surface of a noble metal nanostructure. This process is known as
surface-enhanced Raman scattering (SERS) and the amplification of
the received signal overcomes the limitation of the inherently low
Raman scattering efficiency of Raman spectroscopy [124,125]. Laser
irradiation of metallic nanostructured surfaces give rise to an additional
electric field, which can become very large due to coupling to a surface
plasmon. The plasmon frequency of the oscillating electrons results
from a spatial confinement of electrons in metallic nanostructures. At
this characteristic frequency a resonance response of the local electro-
magnetic field occurs. The intense localized surface plasmon fields
responsible for scattering enhancement can be triggered in submicron
metallic nanostructures such a gold and silver and interact with mole-
cules in close vicinity [126]. Among other materials, especially gold
nanoparticles have been used for SERS investigations of living cells
[127–129]. Most common are spherical shaped nanoparticles, but
other geometries such as nanorods [130], nanoflowers [131–134] or
nanostars [135–137] have also been reported as SERS probes.

In general, there are two approaches to apply SERS probes for cellu-
lar investigations. They can either be directly linked to the sample mol-
ecule comparable to afluorophor influorescencemicroscopy or they are
applied in addition to the analyte to sense it. As Raman scattering is
enhanced by orders of magnitude in SERS compared to spontaneous
Raman spectroscopy, analytes can be detected in nM concentrations
or even as single molecules [138], whereas spontaneous Raman
spectroscopy typically requires concentration exceeding 1 mM [139].
If no analyte is directly probed, the metallic nanoparticles are generally
decorated with Raman reporters such as 4-mercaptopyridine [134], 4-
mercaptobenzoic acid [130,140], 4-aminothiophenol, or 4-thiochresol
[126], thereby increasing the Raman reporters signal drastically making
SERS imaging of cells feasible. Gregas et al. [126] compared the effect of
silver nanoparticles labeled with different reporter molecules on cellu-
lar uptake efficiency. They observed that the choice of reportermolecule
influences particle size, charge and chemical structurewhich are in turn
important parameters determining cellular uptake. To improve stability
as well as biocompatibility of metal nanoparticles encoded with Raman
reporter molecules, the particles can be protected with a polymer coat-
ing made of silica or PEG, for example [141,142].

Graphene oxide metal nanoparticle composites have also been used
for diverse SERS applications in cellular imaging. Graphene oxide is an
excellent candidate for biomedical imaging due to its inherent fluores-
cence [143–145] and Raman scattering activity [140,146]. Gold nano-
particles were wrapped in a graphene oxide layer for SERS probing
inside HeLa cells [147]. The particles were visualized with a higher con-
trast in cells due to the enhanced scattering of graphene oxide neigh-
boring metal nanostructure than cells treated with just pure graphene
oxide. These wrapped particles were also shown for efficient delivery
of the drug doxorubicin into the cell.

One major application of SERS mapping for cellular applications is
the detection of target structures through labeled SERS probes. Thus,
additionally to reporter molecules, the nanoparticles can be coated
with diverse antibodies to target and consequently visualize specific
cell types [134,148,149]. A study by Liu et al. [140] showed the feasibil-
ity of SERS imaging to differentiate between folate receptor expressing
cervix carcinoma cell line HeLa and the folate receptor negative lung
cancer cell line A549. Images of HeLa cells exposed to folic acid decorat-
ed graphene oxide silver nanoparticles presented intense Raman signals
on the plasma membrane as well as intracellular signals after a
prolonged incubation time indicating an uptake of the nanoparticles.
For A549 cells, which do not express the folate receptor, no particle
association with the cells was observed. Gold nanorods conjugated
with the Raman reporter 4-mercaptobenzoic acid and anti-epidermal
growth factor receptor (EGFR) antibody were designed to localize the
EGFR on the breast cancer cell line A431 [130]. EGFR is a widely used
biomarker for therapeutic targeting of human cancers and thus,
studying its expression on cell surfaces and its internalization pattern
is of great value for developing therapeutic strategies. Due to the
antibody-antigen interaction, EGFR distribution and cellular uptake
could be non-invasively probed by SERS. In a similarly designed study,
phenotypes of cancer cellswere tested by SERS imaging after incubation
of three different breast cancer cell lines (MDA-MB-468, KPL4, and SK-
BR-3) with respective antibody conjugated silica-encapsulated hollow
gold nanospheres [149]. As three different SERS-active nano tags
malachite green isothiocyanate, rhodamine B isothiocyanate, and
bis(2,3′-bipyridine)-(5-isothiocyanato-phenanthroline) ruthenium
bis(hexafluorophosphate)were used as Raman reporters, rapid identifi-
cation of cell phenotypewas possible due to the different Raman shift of
the tag molecules. Branched DNA-gold nanoaggregates have been
utilized to discriminate between two biomarkers simultaneously
expressed on the same cell surface by aptamer recognition instead of
traditionally used antibodies [150]. To increase the intracellular
delivery of nanoparticles cell penetrating peptides especially the so
called TAT-peptide have gained attention in pharmaceutical sciences
[151]. It was also used to enhance intracellular SERS imaging as the
internalized amount of gold nanostars increased significantly when
decorated with the cell penetrating peptide [137].

As SERS provides detailed spectral information from the local
environment of the metallic nanostructures, it can be beneficial for the
analysis of subcellular processes as well as for direct detection of
analytes such as drug molecules.

Erythrocytes mainly contain hemoglobin which can be subdivided
into two populations, namely cytosolic and submembrane hemoglobin
[152,153]. Although hemoglobin exhibits strong Raman scattering,
Raman spectra of erythrocytes generally correspond to cytosolic hemo-
globin as the contribution of submembrane hemoglobin is negligible. To
study exactly this submembrane hemoglobin Brazhe et al. [139] per-
formed a SERS study enhancing the Raman scattering of hemoglobin
by adding silver nanoparticles of different sizes to the cell suspension.
Acquired Raman spectra showed increasing signal intensity with a
decreasing particle size. The authors linked this phenomenon to mor-
phological aspects of the cell membrane. Deeper parts of themembrane
invaginations can be easier approached by tiny particles, thus SERS sub-
strates locate closer to submembrane hemoglobin leading to higher
SERS signal.

The central cell organelle is the nucleus. It holds among others the
genetic information of an organism. Thus, it is a desirable target for
drug delivery. Xie et al. [154] reported on effective localization of func-
tionalized gold nanoparticles at the cell nucleus of HeLa cells. Subse-
quently, structural information of nucleic acids and proteins from the
nucleus could be gathered from the acquired SERS data. Furthermore,
the cells were incubated with the DNA intercalator 4′,6-diamidino-2-
phenylindole (DAPI) and molecular vibrations from this subsequently
introduced molecule were detected along with nuclear components,
highlighting the potential of benefitting from this approach in drug
delivery research.

Bálint et al. [155] monitored drug diffusion through the cell mem-
brane of U87-MG cancer cells. Prior to adding the anti-cancer drug em-
odin (2 μM) to the cell medium, cells were incubated with SERS probes
for passive implantation. They consisted of micrometer sized silica
beads which were partly coated with colloid nanosized silver particles.
Due to the micrometer size of the probe, a direct contact with the cell
membrane was assumed. Raman bands at 1170 and 1132 cm−1 were
identified as marker bands of emodin to monitor emodin diffusion
through the cell membrane. The resulting diffusion curve was in agree-
ment with standard fluorescence measurements.

Although the suitability of surface enhanced Raman spectroscopy
has been demonstrated in numerous studies, the technique is also at-
tributed with some pitfalls. Especially in live cell studies introduced
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SERS substrates such as nanoparticles may modify cell properties. Fur-
thermore, nanoparticle properties including size, shape and the position
of the plasmon resonance affect the Raman enhancement [139]. Fujita
et al. [156] studied the intracellular dynamics of gold nanoparticles in
macrophages. The intracellular movement was successfully captured
with spatial resolution in temporally resolved images, but also revealed
a high fluctuation in Raman signal intensity. Thus, the position of a gen-
erated plasmon in relation to the scanning laser influences analytical re-
sults. Diffusion of the plasmon generating nanoparticles in the cell can
also cause confusing information during analysis. Furthermore, the
size of the plasmon is limited and consequently, the surrounding area
which can be analyzed is restricted, too.

Overall, SERS shows a great potential especially for the investigation
of cells, their subcellular structures and interactions with nanocarriers.
The field of application broadens rapidly, however, the technique still
has to mature. To gain a more detailed insight into this technique, we
refer to the specialist article in this issue as SERS studies are too numer-
ous for all-encompassing acknowledgment in this contribution. Never-
theless, the field cannot be neglected for cellular investigations.

6. Conclusion and perspective

Ramanmicroscopy has successfully been applied to a broad range of
investigations on the single cell level. Diverse subcellular organelles
such as mitochondria, lipid bodies, nuclei, and nucleoli have been
detected solely based on their inherent molecular vibrations. In addi-
tion, different stages in a cell live cycle from early stem cells to apoptotic
changes were identified by confocal Raman microscopy without label-
ing. However, for accurate detection andmonitoring of delicate process-
es like DNA synthesis and lipid metabolism, small molecular changes
like the addition of alkyne groups or the exchange of hydrogen against
deuterium atoms in the target molecule have to be performed. A
major focus of current research studies is on the analysis of cellular
interactions with particulate systems in terms of risk assessment as
well as for the development and evaluation of novel carrier systems
for therapeutic drug administration. The interaction of polymeric nano-
particles especiallymade of PLGAwith various cell types was extensive-
ly studied including their degradation. Other inorganic nanoparticles as
well as carbon based structures were also of great interest under the
aspect of engineered nanomaterials and cytotoxicity or as contrast
agents for long term imaging purposes. If such carrier systems are com-
posed of molecules which also constitute cellular components, deuter-
ated molecules have to be used for detection by Raman spectroscopy.
Prominent examples are liposomes. They consist of phospholipids,
which at the same time represent the main compound of the cellular
membrane. Overall, confocal Ramanmicroscopy is not restricted to spe-
cific cell types or carrier structures and its broad feasibility as an analyt-
ical technique was demonstrated in numerous studies. However,
literature research also revealed that the technique is not a standard
application in this research field and has by far not reached the current
status of fluorescence microscopy. This is partially due to the fact, that
confocal Raman microscopy analysis demands a precise knowledge,
not only about the sample, but also about the operation of the micro-
scope to record the spectral data set and evenmore important, the pro-
cessing of the acquired spectral data set. Thus, scientists from multiple
disciplines have tomerge their expertise to perform successful research
and benefit from each other. Another limitation for Raman imaging is
the detection limit for substances. Studies on the single molecule level
are impeded, thus cellular in vitro studies are often designed for higher
doses of drugs and carriers than in vivo experiments would allow. Here,
the Raman instruments have to be further optimized to enable a more
sensitive detection.

In summary, confocal Ramanmicroscopy has proven itself as a pow-
erful analytical technique with high accuracy for the analysis of single
cells and micro- to nanometer sized structures. It has found a variety
of applications for diversified investigations of interactions of cells
with drugs and carrier systems in the pharmaceutical field.With contin-
uous improvement in technology and the growing acceptance of Raman
microscopy, a further increasing number of studies can be expected in
the future. These studies evidence a bright future of confocal Raman
microscopy for spatially resolved chemically selective analysis in phar-
maceutical and biomedical research.
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