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MEPCNEKTUBHbIE METO4bl HEMHBA3UBHON MEOULMHCKOW
AONATHOCTUKN C UCMNOJIbSBOBAHUEM HAHOMATEPUAJIOB:
CMNEKTPOCKOIMNUA N’MrAHTCKOro KOMbMHALMOHHOIO PACCEAHUA
B NCCNIEQOBAHNN KJTIETOK, KINNETOYHbIX OPTAHEJ1J1, MAPKEPOB
HENPOMEOWATOPHOIO OBMEHA
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Vicnonb3oBaHmne OOCTWKEHNIA HAHOMEOLIVHBI 1 MaTEPVAaNoBEAEHVSt B ONArHOCTVKE 3a60MeBaHNi SIBISIETCS NMepCrneKTUBHbIM
HarnpaBneHVeM HaydHblX uccnenoBaHuii. CrekTPOCKOMMsl MUraHTCKOro KomOMHaLMOHHOro pacceaHns (TKP) —
NHHOBALWIOHHbI METOf, aHan3a, CBsi3aHHbI C MPYMEHEeHNeM HaHOMaTepVasioB Ha OCHOBE 6laropodHbIX METaNos afs
HEVHBA3VBHOMO WCCNEA0BaHMS KETOK, KMETOYHbIX OpraHesnsl, 6enkoBbix Mosiekys. B paboTe 0606LeHbl NMTepaTypHble
JlaHHble MO METOAaM PaHHel KIIMHUYECKON anarHoCTVKK psifia HelpoaereHepaTBHbIX U HEMPOSHOOKPUHHBLIX 3a60NeBaHII.
O6cy)KaeHbl 0COBEHHOCTW, OOCTOMHCTBA W OrpaHNYeHVst PasnvyHbiX METOAOB AMArHOCTUKN MO HWU3KOMOJEKYSPHbIM 1
BbICOKOMONEKYTAPHBIM MapKepam ykasaHHbIX 3abonesaHunii. [1poaeMOHCTOMPOBaHbI NMepCneKTVBb! MPUMEHEHS OMTUHECKIX
METOAOB [/ OKCMNPECC-AMarHOCTUKM HapyLleHWin HenpoMeamaTopHoro obmeHa. Ocoboe BHVMaHWE YOeneHo HOBbIM
noaxodam Mpu Co3aaHn YHNBEPCAbHbBIX ONMTUYECKMX UHONKATOPHBIX CUCTEM, PACLUMPSIOLLIVX aHAIMTUHECKNE BO3MOXKHOCTH
cnekTpockonun KP, obnafaroLelt YHUKabHO BbICOKON YyBCTBUTENbHOCTLIO, CENEKTMBHOCTBIO 1 BOCTPOM3BOOAMMOCTHIO
PEe3ysLTaTOB aHan3a Npuv onpeasneHn LeneBbiX aHaMToB B B1ONOMMHECKMX MaTpuLiax ClOXKHOMO cocTasa.
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In the past 10-15 vyears, the evolution of nanomedicine
and materials science made possible by the findings of
interdisciplinary studies at the interface of chemistry, physics
and biology has been driven by the challenges of medical
diagnosis [1-3]. Hopes are high for research into targeted drug
delivery, theranostics, discovery of therapeutic nanoparticles
and diagnostic nanomaterials, including contrasting agents
for scintigraphy, CT, MRI and ultrasonography (Fig. 1). Some
of them have already been launched onto the market and set
a new standard for medical imaging. Yet, there is a lot to be
done, including creation of next-generation biosensing systems
i, 2, 4-11].

Surface-enhanced Raman scattering (or spectroscopy,
SERS) holds an important place among actively evolving
noninvasive diagnostic techniques. It is an optical analytical
modality with record-breaking sensitivity that can be applied
to the study of nature objects; it is also a unique approach
to rapid detection assays [12-15]. Because of its underlying
physical principles, SERS urges development of novel silver-
and gold-derived nanomaterials with programmable properties.
Noble metal nanoparticles are highly inert, both chemically
and biologically, and allow effective control over surface
plasmon resonance and distribution of externally induced local
electromagnetic fields (Fig. 2). Among prioritized applications of
SERS are nondestructive analysis of biological objects, cells or
cell fragments [16-22], including red blood cells [16, 17, 23-25],
bacteria [26-28], viruses [29, 30], stem cells [31, 32], human
tissue cells in general [33], and cancer cells in particular[34-37];
quality control in the pharmaceutical and food industries [38,
39]; detection and quantification of proteins, peptides, and DNA

molecules [9, 15, 19-21], low molecular weight biomarkers of
pathological conditions, and toxic agents [9-11, 36, 40-42].
Most research works on SERS conducted recently sought the
way to introduce SERS into routine practice, proving that SERS
has a big future in biological and medical diagnostics.

SERS has been around since 1974 [43]. However, it was
not until 2010-2012 that it gradually came to be extensively
used for noninvasive analysis of living cells and cell organelles,
which was dictated by the need for novel nanomaterials
and instrumental approaches [9, 13, 16-20]. SERS can
be successfully combined with in vivo biocimaging [44] or
microfluidic systems [45] that significantly expand the scope
of its application. SERS has remarkable sensitivity crucial for
the detection and quantification of trace amounts of analytes,
down to the level of single molecules. Much anticipated is the
adoption of SERS for multiplex detection of analytes in complex
matrices. Indeed, SERS has the necessary potential because
Raman spectra are determined by the molecular composition of
an analyte. It means that SERS is capable of identifying analytes
in complex mixtures based on their molecular fingerprints and
determining molecular conformations.

Although SERS demonstrates exceptional sensitivity in
detecting the presence of ultralow concentrations (from nM
to fM) of analytes in complex matrices, it may not be that
successful at analyte quantitation. SERS is a spatially localized
analytical technique: signal enhancement occurs at distances
less than 10-15 nm from a nanostructured surface and largely
depends on its texture, condition, size, anisotropy, specifics of
analyte sorption by nanoparticles, their mutual orientation and
tendency to aggregate [9]. Therefore, the functional properties

C0:14

Fig. 1. Contrasting agents in medical imaging (photos are provided by the authors of this article). A, B. A contrast-enhanced ultrasound scan of the liver with a
metastatic lesion: A — the arterial phase (14 seconds after the injection of SonoVue), 1 — peripheral enhancement; 2 — no enhancement in the central region; B — the
gray-scale B-mode. C. A contrast-enhanced MR image of a rat’s spleen (enhancement with iron oxide PEG-shell nanoparticles)
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of a synthetic nanomaterial are determined by its morphology,
microstructure and a wide range of physical and chemical
properties.

SERS modifications tailored to suit specific needs can be
further refined to improve the reproducibility, sensitivity and
selectivity of the method and solve the problem of quantitative
analysis. Here, an important contribution has been made by the
study of hot spots — areas of a very strong electromagnetic
field in the crevices between nanoparticles [9]. Hot spots play
a significant role in the SERS effect because107-108-fold signal
enhancement is registered in these particular regions.

Currently existing approaches to chemical synthesis
are capable of producing high yields of silver nanoparticles
(AgNP) different in their size and shape (spheres, tetrahedra,
decahedra, triangular and hexagonal plates, discs, rods,
threads, more complex shapes) [9, 46-51]. Physical methods of
AgNP synthesis include laser ablation, thermal evaporation, arc
discharge, electron-beam deposition, ion-beam sputtering, ion
implantation, and different types of radiation. Interestingly, AGNP
can be synthesized using naturally occurring compounds [52—
55]. Planar structures are traditionally obtained using lithography,
electrochemical approaches, vapor phase synthesis, chemical
precipitation, Langmuir-Blodgett films, copolymer micelles,
inoculation of microsphere surface functionalized with amino
or thiol groups with preformed nanoparticles, and spraying of
nanoparticles onto scaffolds, such as cellulose carriers, replica
surfaces, etc. [9, 11, 13, 16, 17, 25]. The listed trends in SERS
research aimed at designing reliable SERS-active surfaces,
sensors and analytical techniques are paving the way for SERS
applications in biomedical diagnostics.

Noninvasive diagnostic modalities for biological objects

Among the most interesting SERS applications that are being
explored at the moment is early detection of trace amounts
of bioactive molecules in physiological solutions (blood,
saliva and cerebrospinal fluid). One of the recent advances
in this field is a method that utilizes a combination of SERS
and immunoassays exploiting the principle of specific antigen
binding by a complementary antibody [56]. The use of SERS
labels in combination with composite materials based on
microbeads and metal nanoparticles facilitates development
of targeted immunoassays for highly sensitive detection
of biomolecules [56-58]. Another important field of SERS
application is biosensors for analyte quantitation that rely on
plasmon particles with chemically modified surfaces. As a rule,
such modifications are achieved by coating the surface with
a monolayer of functional thiol groups and are necessary for
the subsequent sorption of analytes and preconcentration [59].
This approach enables real-time measurement of glucose levels
(> 25 Mm, which is close to typical glucose concentrations
occurring in some physiological fluids) in the presence of
model plasma proteins (bovine serum albumin) or following
a long (up to 3 days) contact of a sensor with electrolytes
taken at physiological concentrations. When subcutaneously
implanted in experimental animals, SERS-based sensors stably
demonstrate high accuracy and reproducibility of the results
over the course of at least 2 weeks; this suggests that such
sensors have a good potential to be used for in situ monitoring
of biological processes in living organisms [59]. The use of
nanostructured surfaces for the study of biological objects may
have an advantage over other methods because nanomaterials
ensure the reproducibility of signal enhancment and allow
integration of SERS-active substrates into a lab-on-a-chip or
a microfluidic device. No matter what nanostructures are used
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to study biological objects, there are a few requirements they
must satisfy, including zero toxicity against cells, chemical and
morpholoigcal stability in biological fluids and solutions, an
ability to reliably enhance the SERS signal as much as possible,
zero interference with biological processes inside the cell and
confirmations of molecules a sensor has a direct contact with.

Surface-enhanced Raman spectroscopy is also employed
in cancer research [60, 61]. SERS-based sensors are capable
of measuring intracellular redox potential. One of them was
designed to study oxidative stress in cells; the sensor is
composed of gold nanobeads enriched in quinones that act
as redox-sensitive molecules and operates in a range between
-400 and +100 mV exceeding the capacity of fluorescent
probes [62]. Another example of a SERS-based sensor is a
highly selective hybrid nanosensor made of silver nanoparticles
coated with cytochrome c¢. It was designed to measure
concentrations of a superoxide anion radical inside the cell and
has a detection threshold of 10 nM [63]. Its underlying principle
is as follows: when an electron is transferred from a superoxide
anion radical to cytochrome ¢, the band representing oxidized
cytochrome ¢ in SERS spectra undergoes a shift to the position
typical of reduced cytochrome c.

Of interest is the approach based on the use of
nanostructures functionalized with molecules that do not
produce an intense SERS spectrum but can specifically bind to
a biological object whose SERS spectrum is recorded instead.
This approach can be exemplified by a highly sensitive sensor
that detects the presence of bacteria in blood [64]. The authors
of the invention coated gold and silver-gold nanostructured
composites with vancomycin that can specifically bind to
gram-positive bacteria. Vancomycin causes deformation of
the bacterial cell wall promoting aggregation of nanoparticles
and thereby enhancing the SERS signal. Such nanostructured
substrates can be used in multifunctional biochips: vancomycin
can be replaced with other glycopeptides, which will expand
the range of microorganisms and viruses the system can
detect. Another team of researchers conducted a number of
experiments involving the use of glass microcapillaries coated
with gold nanoparticles that was introduced into the cell [65].
Depending on where the capillary was located inside the cell,
signal enhancement occurred in the nucleus or cytoplasm; the
emitted spectra reflected the functional state of the cell. Another
novel method is based on the use of surfaces coated with gold
nanoparticles and serves to detect a secondary messenger —
an intracellular molecule released in response to stimulation
of cell receptors and activation of primary effector proteins in
Ca?*-signaling of NADP [66]. A new approach based on the
use of gold nanomaterials has been devised to perform highly
sensitive detection of conformational changes in nucleic acids
and proteins, as well as cell visualization in vivo [9, 19, 20].
Another team of researchers suggest that functionalized gold
nanoparticles can be used to discriminate between different
types of lymphocytes and detect leukemic cells [67].

One of the most important areas of SERS research
covers the possibility of highly selective enhancement of
the SERS signal from those intracellular molecules whose
conformation and properties are indicators of their functional
state and the state of the entire cell in general and individual
organelles in particular. Among the biomolecules that can be
conveniently used in basic and applied research are heme
proteins: hemoglobin (Hb) and cytochromes. It is known that
heme porphyrins and heme proteins produce a strong and
highly specific SERS effect [68] determined by the redox
state of the iron atom, heme conformation and conformation
of its protein microenvironment. This fact makes it possible
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Fig. 2. The Ag nanostructured surface for SERS-based analysis. A. An optical microphotograph of silver rings. B. Living red blood cells on the nanostructured surface.
C. Nanostructured elements of the surface (Ag nanoparticles in the substrate channels, TEM). D. “Sesame seeds” on the nanostructured substrate (SEM). E. SERS
spectra of red blood cells (1) and mitochondria (2 and 3) on the Ag@SiO, nanocomposite at laser excitation wavelength of 5632 nm (1 and 3) and 514 nm (2). For
convenience, the spectra were normalized to their total intensity. Figures above the spectra indicate the position of peak maxima. The inset plot shows unnormalized
SERS spectra of mitochondria on the Ag@SiO, nanocomposite at laser excitation wavelength of 514 and 532 nm

to study mitochondrial cytochromes in cells or organs [9] and
hemoglobin in whole blood, isolated red blood cells or vascular
erythrocytes in vivo. There are, however, a few limitations to the
use of traditional spectroscopy in the study of heme porphyrins.
For example, oxidized cytochromes produce weak and
therefore undetectable scattering effects. When studying red
blood cells, one should bear in mind that SERS spectra can be
obtained only from cytoplasmic Hb (Hb, w), which constitutes the
largest proportion of total Hb, but not from membrane-bound
Hob (Hb_,) whose conformation can change in patients with
blood diseases, hereditary or endocrine disorders (thalassemia,
hemoglobinopathy, etc.) [69], intoxication, or under extreme
conditions [70]. In those cases, signal enhancement is caused
by Hb_, located in close proximity to silver nanostructures.
Thus, the use of SERS-active nanostructures is indispensable
in the study of heme proteins and can serve as a basis for rapid
noninvasive medical testing and screening.

The authors of the present article have proposed a novel
methodological approach, developed and synthesized
nanostructured materials with planar architecture and
Ag,SiO, nanocomposites, which allowed them to attain highly
reproducible and selective enhancement of the SERS signal
from cytochrome ¢ of a respiratory chain (electron transport
chain, ETC) of intact, normally functioning mitochondria (Fig. 2D).
Using the original method, the authors were able to study
conformational changes and redox properties of cytochrome
c in intact, normally functioning mitochondria under the
conditions of modulated ETC activity [9, 18]. The study also
demonstrated changes in the redox state and conformation
of cytochrome ¢ heme molecules induced by the inhibition
of ATP synthase and introduction of protonophore FCCP,
which causes the uncoupling of electron transport and ATP
synthesis. The SERS-based analyis involving the use of planar
silver plasmon structures allowed the authors to estimate the
changes in the relative concentrations of reduced cytochrome ¢
in mitochondria and the conformational mobility of cytochrome ¢
heme both inside mitochondria and in its isolated state (Fig. 2D).
Using intact mitochondria, the authors demonstrated that the
FCCP protonophore capable of uncoupling electron transport
and ATP synthesis and oligomycin, which inhibits the ATP
synthase, produce opposite effects on relative cytochrome ¢

concentrations and the mobility of methine bridges in heme
molecules [18], whereas mutant cytochrome ¢ whose heme
molecules exhibit increased rigidity enjoys lower conformational
mobility and functional activity of heme. It is hypothesized that
conformational changes that cytochrome ¢ undergoes might
be employed by mitochondria to vary the rate of electron
acceptance from ETC complex lll and electron transfer to
complex V. The proposed methodological approach is a
promising tool for further study of ETC in intact mitochondria.
Application of SERS-active nanostructures to biomedicine
necessitates discovery of novel analytical methods for
integrating nanostructures into a lab-on-a-chip.

Rapid diagnosis of neurotransmission disorders

Neurotransmission is a cornerstone of neural mediation in
both peripheral and central nervous systems [71]. Among the
key neurotransmitters are 3 catecholamines (CA): dopamine,
adrenaline (epinephrine) and noradrenaline (norepinephrine),
and their metabolites, including vanillylmandelic, homovanillic
and  5-hydroxyindoleacet acids, metanephrine and
normetanephrine. CA metabolism is a crucial regulator of
mental and physical activities: through dopaminergic and
adrenergic receptors, CA control stress response, psychomotor
activity, emotions, learning, sleep, and memory [72]. Because
CA are involved in the pathogenesis of many diseases, they
are extensively used in pharmacology [73]. Neurotransmission
disorders are divided into two major groups: neurodegenerative
diseases accompanied by the progressive loss of neural cells
and the decline in CA levels (and, naturally, the levels of their
metabolites) and neuroendocrine diseases characterized by
increased CA synthesis induced by organic pathology or genetic
defects of the hypothalamus. Among the most important
neurodegenerative disorders are Alzheimer’s and Parkinson’s
diseases. The most common neuroendocrine catecholamine-
producing tumors are pheochromocytoma, paraganglioma,
and neuroblastoma.

Neuroendocrine tumors pose a serious diagnostic
challenge: the malignancy is often diagnosed retrospectively,
in its advanced metastatic stages or during a relapse episode.
In Russia, over 90% of neurodegenerative disorders are
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misdiagnosed because their symptoms are confused with the
signs of aging. Many neurodegenerative disorders are alike
in their clinical manifestations, which also complicates the
diagnosis [74]. The most dangerous neuroendocrine diseases
accompanied by increased CA levels are pheochromocytoma
and paraganglioma — benign and malignant catecholamine-
producing tumors, respectively. They arise from chromaffin cells
of the sympathoadrenal system and in 90% of cases occur
in the adrenal medulla [75]. Carcinoid tumors constitute less
than 1% of all malignancies and are formed by the cells of the
diffuse neuroendocrine system; these cells are derived from
the neural crest during fetal development and later migrate to
other organs [76]. Another malignant tumor, neuroblastoma,
produces multiple metastases. The majority of these tumors
occur in the retroperitoneal space, most commonly in the
suprarenal glands, mediastinum or neck [77].

Dopamine, noradrenaline and their metabolites can be used
as molecular markers to facilitate the diagnosis of Alzheimer’s and
Parkinson’s diseases: the onset of the disease can be inferred
from the decline in their concentrations in biological fluids. It has
been shown that as the symptoms of Parkinson’s progress, the
ratio of dopamine to dioxy phenylacetic acid (DOPAA) in urine
decreases and production of dopamine and dioxyphenylalanine
(DOPA) declines. The patient develops pronounced deficit of
catecholamine neurotransmitters (dopamine, noradrenaline
and serotonin) in the early stages of the disease, accompanied
by dopamine catabolism which results from increased
oxidative deamination of this neurotransmitter. However,
early manifestations of Parkinson’s occur in the backdrop of
increased dopamine turnover compensating for neural loss. As
cell degeneration progresses, DOPA levels dwindle, as does the
dopamine/DOPAA ratio, indicating neurotransmission pathology
and the lack of monoamine oxidase activity, which suggests
depletion of resources for CA synthesis. Thus, decreasing
concentrations of CA in Parkinson’s and their relatively simple
molecular structure make CA promising biological markers of
this disease.

In healthy individuals CA levels are very low (about 1 nM),
shrinking further in pathology (Alzheimer’s and Parkinson’s). In
blood, CA are quickly oxidized by platelet monoamine oxidases.
Therefore, CA tests should take no longer than 15 to 30 minutes.
This poses a certain difficulty and necessitates development of
rapid specific and sensitive assays for determining CA and their
metabolites in biological fluids.

At present, early diagnosis of neurodegenerative
disorders is facilitated by a variety of neuroimaging modalities,
including MRI, CT, PET (positron emission tomography),
SPECT (single-photon emission computed tomography),
"H-MRS (proton magnetic resonance spectroscopy), EEG
(electroencephalography), etc. [10, 11]. In recent years, PET
and SPECT have been adopted to clinical practice to aid the
diagnosis of Alzheimer’s and Parkinson’s diseases. However,
the availability of these radionuclide-based imaging techniques
is largely determined by an arsenal of available labeled
compounds referred to as radiopharmaceuticals (RP) that are
administered to the patient before the scan. As a rule, RP used
in PET are based on bioactive short- ('®F) and ultrashort-lived
("G, ™N, '®0) positron-emitting radionuclides [10]. SPECT,
another imaging modality, is instrumental in assessing the
functional state of brain regions. SPECT can help to differentiate
between neurodegenerative diseases that have similar clinical
manifestations but affect different parts of the brain. But
although neuroimaging is an accurate diagnostic tool for early
diagnosis of neurodegenerative and neuroendocrine conditions,
it has no prognostic value in patients with neurotransmission
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disorders. Besides, neuroimaging equipment and consumables
are expensive, and a patient may not have clear indications for
the procedure. In spite of high prevalence of neurotransmission
disorders, neuroimaging is often available only to the residents
of big cities. Therefore, novel approaches are needed to create
a rapid, cheap, simple and sensitive system for multiplex
detection of biomarkers associated with neurological pathology.
Traditional immunoassays are a simple and available
diagnostic tool for suspected Alzheimer's or Parkinson’s.
Neurotransmission biomarkers determined by such assays
comprise a number of high molecular weight compounds,
such as B-amyloid, the tau protein, and the phosphorylated
tau protein, in the first place. Patients with Parkinson’s disease
accumulate synuclein, whereas patients with Alzheimer’s
develop senile plagues (protein deposits of B-amyloid). A lot
of effort has been channeled into the development of novel
techniques for B-amyloid determination in recent vyears.
Distribution of B-amyloid in the body can be studied by
radioisotope-based instrumental modalities, as well as by
immunoassays of cerebrospinal fluid [10, 11]. The procedure
of sample preparation for such assays, however, is too
complicated and time-consuming. On the whole, even though
immunoassays for measuring concentrations of biomarkers
associated with neurodegenerative disorders hold certain
promise, they have limitations related to the object of analysis
itself and the structure of diagnostic molecules. Besides,
concentrations of protein biomarkers can vary depending on
the age and sex of a patient [10] causing the assay to yield
false results. Neuroendocrine diseases have their own protein
biomarkers. For example, chromogranin A (CgA) present in
chromaffin granules of neuroendocrine cells is a biomarker
of pheochromocytoma, paraganglioma, neuroblastoma, and
carcinoid tumors [10, 11]. However, this method cannot reliably
discriminate between the listed pathologies. Therefore, patients
with suspected neuroblastoma are tested not only for the
traditional biochemical markers, but also for neuron-specific
enolase, ferritin, lactate dehydrogenase, and y-glutamyl
transferase [10, 11]. High on the agenda are the search for
and the study of nonprotein biomarkers, such as CA and their
metabolites, as well as development of simple selective and
highly sensitive methods for measuring their concentrations that
will ensure accurate and reliable diagnosis early in pathology.
The process of neurotransmission involves inactivation
of CA and their metabolism. CA are methoxylated in the
presence of catechol-o-methyl transferase; the reaction
produces metanephrine and normetanephrine. Besides, CA
undergo oxidative deamination in the presence of monoamine
oxidase; the end products of this reaction are vanillyimandelic
and homovanillic acids [10, 11]. Because the levels of CA
and their metabolites are different in health and pathology,
these catecholamines can be used as diagnostic markers
in basic research and clinical tests. Among the methods
aiding neuroendocrine or neurodegenerative diagnosis
based on blood or urine levels of CA or their metabolites,
chromatography combined with electrochemical detection or
mass spectrometry (MS) is the most popular [11]. In spite of
high selectivity, sensitivity and availability of electrochemical
detectors, its results are poorly reproducible, it is sensitive to
fluctuations of the mobile phase flow rate, is not free of electrode
contamination, and imposes strict requirements on the origin
of the mobile phase. High-performance liquid chromatography
with electrochemical detection (HPLC-ED) suffers high levels of
background noise (in comparison with a useful signal), does
not always have sufficient sensitivity and demonstrates low
separation efficacy. HPLC-MS is significantly more sensitive
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to CA and their metabolites but at the same time insufficiently
rapid and has a few limitations related to the elution of certain
compounds in dead time, high levels of background noise
and difficulties with peak resolution [11]. In spite of the vast
body of accumulated knowledge and the extensive arsenal of
methods for measuring CA in blood plasma and urine, poor
reproducibility and resolution coupled with time required for the
procedure produce a whole lot of diagnostic errors leading to
ineffective treatment. The solution to this problem may lie in the
development of electrochemical sensors [78]. In the majority
of such sensors, indicator electrodes are functionalized with
pre-synthesized compounds with a certain structure ensuring
selective detection of CA. These compounds comprise DNA
fingerprints, polymers, synthetic receptors, nanotubes and
nanocores modified with organic molecules (polyethyleneimine,
cyclodextrin, metal complexes) [79-81]. Electrochemical
methods for CA/CA metabolite determination have average
sensitivity in the range between 0.01 and 1 pM. Unfortunately,
the majority of electrochemical analytical methods cannot be
multiplexed, which limits their application in clinical practice.

An alternative to the methods described above is
spectroscopy, its primary advantages being the rate of analysis,
simplicity, low costs, and in some cases higher sensitivity, as
compared to its electrochemical or chromatography-based
counterparts. Fluorescence-based modalities capable of
detecting CA or their metabolites also hold some promise
as diagnostic techniques. In the presence of enzymes, such
as peroxidase [82], CA is oxidized by hydrogen peroxide;
the end product of their oxidation is a compound capable of
quenching fluorescence of water-soluble synthetic poly(2,5-
bis(3-sulfonatopropoxy)-1,4-phenylene, disodium salt-alt-
1,4-phenylene). The method exhibits low sensitivity towards
individual CA types (about 0.1 pM), but can be multiplexed to
selectively detect catecholamines over other molecules [83].
There are detection methods that utilize nanoparticles, including
F.30,-based ones. These nanoparticles are used instead of
horse radish peroxidase. The principle underlying this approach
exploits the inhibition of Amplex UltraRed reagent (peroxidase
substrate) oxidation by CA in the presence of hydrogen peroxide
and Fe,O, nanoparticles. The oxidized Amplex UltraRed emits
an intense fluorescence signal with 587 nm wavelength at 567
nm excitation. CA covalently binds to the surface of iron oxide
(I nanoparticles and quenches fluorescence of the oxidized
Amplex UltraRed. Although the sensitivity of the method is high
(detection threshold of 3 nM), it can only selectively distinguish
between catecholamines and other molecules but cannot be
multiplexed [84]. Unfortunately, the sensitivity of the majority of
similar methods is insufficient to allow quantitation of nanomolar
concentrations of catecholamine, which limits the application of
such biosensing systems to the analysis of biological objects
10, 11].

SERS-based methods are more or less free of the major
drawbacks associated with other analytical modalities
employed for the detection of CA and their metabolites, such
as low sensitivity and low rate of analysis. Unoptimized SERS-
based methods can detect neurotransmitters at concentrations
ranging from 0.1 to 0.5 M [85], which obviously does not satisfy
the requirements set for the analysis of biological fluids. A
solution can be offered by highly sensitive and selective optical

biosensing SERS-based systems, in which enhancement of
the SERS signal is achieved through the effect of plasmon
resonance occurring on a nanostructured surface of a noble
metal, as described above. In such systems, specificity is
ensured by capturing SERS signals with 1,500-650 cm’
wavelength that provide valuable information about individual
components of complex matrices. SERS is very sensitive
even to minor changes in the structure and orientation of
molecules. Considering its characteristics listed above and a
weak SERS signal of water, SERS seems to be a promising
analytical method with very little sample preparation that
can be applied to complex matrices. Importantly, Raman
spectroscopy ensures signal enhancement at a broad range
of excitation frequencies, which allows selecting an excitation
source that has minimal background autofluorescence and
causes no damage to the sample. Nevertheless, today SERS is
only making its first steps into clinical practice as a tool for the
detection of neurotransmitters [9-11, 86]. Recently, SERS has
been shown to be a feasible method for dopamine detection at
concentrations between 1 and 10 mM [87, 88]. Some authors
have attained better sensitivity of 0.01-0.1 fM. SERS-based
methods have demonstrated selectivity towards dopamine in
the presence of ascorbic acid, glucose, L-cysteine, tyrosine,
catechol, phenylethylamine, and serum albumin [89]. SERS
can be easily combined with other modalities and improve their
results. For example, selectivity exhibited by electrochemical
methods for the detection of neurotransmitters in biological
fluids is limited in the presence of ascorbic acid whose redox
potential aimost coincides with dopamine potential [90]. Using
colloidal silver solutions, researchers were able to achieve a
lower detection threshold of 5 nM [91]. Other authors report
formation of complexes accompanied by charge transfer
that can help to attain a stable and intense SERS signal [92,
93]. There is no doubt that the approaches discussed in this
article can be optimized further to reach pico- and femtomolar
detection thresholds, promoting the use of SERS in biomedical
diagnostics.

CONCLUSIONS

SERS has a very good potential as a biomedical analytical modality
that can be applied to complex multicomponent matrices. It
combines high sensitivity and high selectivity and requires little
sample preparation. It also breaks ground for novel noninvasive
multiplex detection of analytes in biological matrices. Further
evolution of SERS depends on a number of factors. Those
include research into SERS-active nanostructures focusing
on their application in the clinical setting and comprehensive
investigation of properties exhibited by such nanostructures
in biological fluids and in contact with cells. Development of
analytical methods with little sample preparation for simple,
sensitive and selective multiplex detection of neurotransmitters,
their metabolites or other biological markers in living cells or
cell organelles holds promise for early diagnosis of various
pathologies. The authors believe that optical systems for
multiplex detection of pathology-associated biomarkers in
biological fluids and cells constitute one of the most promising
areas of research in clinical diagnostics and can significantly
improve diagnostic accuracy.
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