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Noninvasive medical diagnostics as a modern research and 
application trend faces with a key problem of successive 
development of novel materials. Recently, new powerful 
approaches based on surface-enhanced Raman spectroscopy 
have become incredibly popular since they promise a unique 
analysis of biochemical processes on cell, cell organelle and 
molecular levels. Silver nanostructures and composites are 
preferred for such an analysis because of easier and more 
flexible preparation ways, better affinity to biological species, 
extraordinary spectral sensitivity and a wide variety of 
morphological forms of silver nanomaterials. 
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Classical methods of noninvasive medical diagnostics include 
mostly X-ray computer tomography, ultrasound tomography, 
scintigraphy, SQUID (superconducting quantum interference 
device) magnetometry, magnetic resonance tomography, positron 
emission tomography;1–5 some of them require new nanomaterials 
– like ultrasound or computer tomography contrasts – to provide 
useful information taken for diagnostics. Modern noninvasive 
medical diagnostics for screening and personal medicine admit 
a challenge of highly sensitive single molecule or single cell 
analysis and thus demand thorough development of innovative 
materials and novel analytical approaches. In this context, Raman 
scattering spectroscopy is especially suited for the detection of 
various molecule fingerprints, biomolecule conformation and 
interactions in biological samples, even in living cells, virus, 
deoxyribonucleic acid (DNA), because of a negligible influence 
of fluorescence and interference from water.6,7 However, natural 
concentrations of molecules of interest in living cells are usually 
much lower than the detection limit of conventional Raman 
scattering spectroscopy. Surface-enhanced Raman spectroscopy 
(SERS) could solve this problem since the signal can be enhanced 
by many orders of magnitude.8,9 SERS combines molecular finger-
print specificity and, potentially, single-molecule sensitivity. These 
features make SERS a promising low-cost and real-time tool for 
biomedical applications.9–20 Noble metals like silver and gold 
are commonly used to attain large enhancement factors in SERS 
as achieved by varying nanoparticle sizes, shapes and aggregative 
structures.11–13,21–27 

Unfortunately, SERS of biomolecules still suffers a lack of 
reproducibility due to possible toxicity of metallic nanoparticles, 
masking SERS signals by surfactants or by-products, gradients 
of electric fields near the nanoparticles and variations of bio-
molecule positions with respect to the nanoparticles.16,28–30 
Commonly used linkers, surfactants, reducing agents and their 
oxidized forms, halide ions etc. can affect biomolecules, prevent 
a target molecule to approach a close proximity of nanoparticles 
or change characteristic properties of nanoparticles because of 
their aging, recrystallization or random formation of aggregates. 
Nanostructured substrates promise much better reproducibility 
and less toxicity promoting their SERS applications in biology 
and medicine, especially in highly sensitive lab-on-a-chip 
devices.16,17,31–33 The latter opens up perspectives for rapid 
monitoring of living cells and their organelles. Superficial rough-
ness of the substrates can be created by deposition of metal 
colloids onto surfaces, vapor deposition of metals, nanocasting 
and lithography, electrochemical deposition through a template 
of self-assembled latex spheres, abridging pillar tip spacing by 
sputtering, self-assembly of large-scale and ultrathin nanoplate 
films, application of porous substrates.17,31–33 A problem of noble 
metal toxicity is still being discussed in the literature6,7,34–38 as 
well as mechanisms of Raman signal amplification which seems 
to be unique for biological objects. This set of factors demands 
new approaches of future single-molecule, single-cell or single-
organelle medical diagnostics as discussed in this short review. 

Key advantages of silver and morphological  
variety of nanostructures
Silver nanoparticles and nanostructured materials attract sustained 
interest in various applications due to their fascinating biological 
activity, a great potential as catalysts, sensing materials or building 
blocks for nanoscale devices. Silver nanoparticles have proven to 
be a common choice for SERS measurements due to their broad 
plasmon resonance, high stability, facile fabrication methods and 
the most exciting 1010–1014-fold enhancement for special mole-
cules.21–27 A complex morphology such as nanoflowers, nano rices, 
cubs, multipods and nanodendrites, mesocages is achieved by 
kinetically controlled, aggregation-based, heterogeneously seeded, 

template-directed growth, selective etching and colloidal system 
aging, the polyol technique allows one to synthesize silver nano par-
ticles of a wide variety of shapes and sizes (Figure 1).9,12,16,21,34-60 

Most of these methods produce colloidal systems being not 
compatible with biological objects and this lack of compatibility 
of traditional preparation techniques demands for new precursors. 
In particular, pure silver nanoparticles (AgNPs) are expected to 
form if a preparation method uses the components of a ‘water–
silver’ system only; it means that silver(I) oxide is consistent 
perfectly. This compound introduces silver and oxygen solely, the 
reduction of Ag2O occurs easily in water environment, finally, 
Ag2O is not soluble in water therefore it can be easily produced, 
separated and purified by simple washing. At the same time 
silver(I) oxide can be dissolved by aqueous NH3 which is volatile 
and can be removed from the solution by boiling. Silver(I) oxide 
was applied to form silver nanoparticles by reduction with hydrogen 
peroxide, gaseous hydrogen or poly(N-vinyl-2-pyrrolidone).39 
However, a question remains if there is a simpler way to produce 
nanoparticles without special reducing agents, salts, stabilizers 
or anionic pollutants. We consider a simple and effective way 
supported by our previous works,61–73 which is based on gradual 
self-reduction of one of well-known ammonia complex of silver, 
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Figure 1 Silver nanoparticles prepared by different methods (micrographs 
of authors): (a) preparation of pure silver hydrosols of isotropic nanoparticles 
from diamminesilver hydroxide, (b) PVP-stabilized plate-like silver nano-
particles by seeding and anisotropic growth method, (c) polyhedral and 
wire-like silver nanoparticles by the polyol preparation route.
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[Ag(NH3)2]+, due the lost of its stability upon the ammonia ligand 
leakage (Figure 2).

This route utilizes drastic stabilization of silver ions within the 
complex (Kstab([Ag(NH3)2]+) = 1.3×107,  Ag+ + 2 NH3 = [Ag(NH3)2]+), 
huge variation of the redox potential E0

Ag /Ag+ = 0.8 V in the presence 
of ammonia, a possibility to precipitate the Ag2O solid phase or 
dissolve it by ammonia (Ag2O + H2O + 4 NH3 = 2 [Ag(NH3)2]+ + 
+ 2 OH–) and, finally, the absence of side anions in the redox 
system except OH–, which is a natural part of all the aqueous 
solutions (Kw = [H+][OH–] = 10–14). Another part of the system 
is oxygen which can be dissolved in the solution as an oxidizing 
agent or evolved from the solution as a product of silver oxide 
decomposition (E0

O2 
/OH– = 0.401 V). The overall reaction 

Ag + 1/4O2 + 2 NH3 = [Ag(NH3)2]+ + OH– serves as a good 
control tool for generation of silver nanoparticles simply by 
changing the concentration of ammonia, which could generate 
enough Ag+ ions to cause their reduction to metallic silver, other-
wise Ag+ is stabilized as [Ag(NH3)2]+ and cannot be reduced.63–65,69,70 

A thermal treatment of ultrasonic mists of this silver complex 
provides irreversible decomposition and solvent evaporation. 
The products of this transformation include silver nanostructured 
particles, water, ammonia and oxygen. Quenching of such products 
yields nanostructured particles and their aggregates formed in a 
shock manner, since the whole transformation occurs for few 
seconds at high temperatures.67 High-temperature silver micro-

spheres of about 100 nm in size are typical of aerosol spray 
pyrolysis because of solvent evaporation from mist droplets and 
spontaneous formation of silver nuclei joining into a porous 
‘orange skin’ layer. Polyhedral aggregates formed could be a 
consequence of primary silver(I) oxide formation within the mist 
droplets prior to its decomposition. The process results in cubic, 
edge- and corner-truncated cubic, rhombicuboctahedral, edge- 
and corner-truncated octahedral, octahedral, and hexapod struc-
tures13 and they could transform into pure silver forming pores 
due to oxygen liberation. The metallic silver cuboids could be 
considered as pseudocrystals formed in a topotactic manner 
preserving the shape of precursor crystals of silver(I) oxide 
(Figure 2). 

Silver ring structures caused by the known ‘coffee ring’ effect 
are formed at moderate temperatures of 200–250 °C due to deposi-
tion of the mist droplets onto a preheated substrate (Figure 2). 
The coatings consist of overlapping silver rings of a complex 
morphology originated from decomposition of micrometre-sized 
droplets of ultrasonic mist of silver(I) solution. This resembles 
a rain making rings on a flat dusty surface, hence, we call it 
Ultrasonic Silver Rain (USSR). Usually, silver deposition gives 
intersecting circles of 30–100 m in diameter.69 This value is 
several times larger than the expected size of 1–10 m of the 
falling mist droplets as occurred because the liquid from the droplets 
spreads laterally over the substrate. Solvent evaporation increases 
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Figure 2 A wide variety of morphological types of silver nanostructured materials prepared from silver amino complexes under different conditions 
(micrographs of authors): (a) schematic drawing of aerosol droplets of aqueous diamminesilver hydroxide, (b) aerosol deposition process forming ‘coffee 
ring’ silver nanostructures of hierarchically structured substrates and diagnostic chip prototypes using the USSR procedure, (c) porous structure of silver ring 
craters, droplets forming pure silver rings on a preheated substrate with an additional effect of silver crater wall formation, silver-containing liquid spreads 
over the substrate, penetrates upward through a porous silver wall to form ‘sesame seed’ nanocrystals of silver on the top of the wall, (d), (e) porous 
superficially decorated silver cubes formed under high decomposition temperatures, (f), (g) coffee ring silver nanostructure after aerosol droplet decomposition 
on warm substrates under mild conditions, a general SEM image; (f) (1) a flat area coated with separate clusters of AgNPs coming from a spreading liquid 
film, (2) intersecting circles (‘craters’), a magnified view; (g) (1) separate silver clusters, (2) a gradually increased population of silver clusters inside a ring, 
(3) a silver wall contouring an evaporated droplet of the silver(I) complex; (h) pollen-like superficially decorated polyhedral silver nanoparticles; (i) octahedral 
pseudomorphs (AAS, unpublished data); (j) flower-like particles.
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concentration of the silver complex and then metallic silver 
resides on rims of the spreading circles producing walls of silver 
craters. The thickness of walls lies typically in a range of 1–3 m, 
while the residual part is covered with sparse silver nanoclusters 
gradually increasing in their sizes from 10–20 nm in the centers 
of circles to about 100 nm in the wall vicinities. The nanoclusters 
increase the role of capillary forces and, afterwards, more 
droplets stack onto the surface, boil, decompose, even ‘explode’ 
producing hollow silver ‘coconuts’; an increase of sputtering time 
leads to rough and porous layers. This deposition mode has several 
advantages in terms of manufacturing SERS-active structures for 
promising applications:62,69 silver micro- and nanostructures are 
immobilized onto a substrate and form a rather stable metallic 
film on cheap materials like glass, there is no need to filter or 
separate nanoparticles, the nanostructure consists of porous silver 
sponge only, the temperatures are high enough for the one-stage 
formation of metallic silver.66

Superficially decorated pollen-like silver nanoparticles64 were 
also prepared by a two-step procedure including the formation of 
original silver nanoparticles as carriers of smaller nanoparticles 
followed by chimie douce superficial decoration (Figure 2). 
Round-shaped and wire-like nanoparticles were prepared by the 
polyol method.57 As reported,74 formation and growth of silver 
nanowires may be caused by the deposition of silver atoms on 
{111} planes. These facets are atomically rough compared to the 
flat {100} grains, that is why supersaturation relaxes in the course 
of polyol process by fast deposition of adatoms onto these par-
ticular grains providing highly anisotropic growth of the fibers. 
The twinned silver nanowires could thus arise from a selective 
interaction between the polyvinylpyrrolidone (PVP) molecules 
and {100} planes. The clusters decorating the surface of original 
silver nanoparticles range their size within 5–50 nm. That is 
typical of a continuous nucleation and growth process, in which 
new nuclei are formed, while old ones increase their size in time. 
Such a pollen-like morphology manifests silver reduction and 
re-deposition from the dissolved [Ag(NH3)2]+ ions.

Such a morphology could be caused by step-by-step metallic 
silver oxidation with molecular oxygen due to silver(I) stabiliza-
tion within its ammonia complex, the complex accumulation as 
an intermediate product and its consecutive gradual decay into 
nanosilver in a redox reaction of silver(I) decreasing its overall 
concentration in time. This is an intriguing example of an inter-
play of redox potentials of bare silver(I) cations and those in the 
ammonia complex. Thus, superficially decorated silver nano-
particles are obtained in the course of aging of silver globules 
and fibers as soon as both aqueous ammonia and air are supplied. 

One known criticism of silver as a SERS material is related to 
its oxidation in open air. However, recent results seem to show 
better stability of chemically produced nanostructures making 
chemical routes more attractive. Indeed, a known feature of silver 
is its special ability to dissolve oxygen even at room temperature, 
in some reported cases, this process results in degradation of its 
properties; in particular, it is found that oxygen interaction with 
silver nanoparticles depends strongly on their size, an increase in 
size leads to formation of oxide-like species followed by covering 
of metallic silver by Ag2O thin layers as facilitated by extended 
defects.75–81 The chemical bonding of oxygen species on small 
particles differs from that on ‘bulk’ silver surfaces.

Two types of chemically prepared and physically deposited 
samples were taken into consideration81 including those freshly 
prepared within a day or a week and others stored for 11–12 months 
in environmental air. Based on X-ray photoelectron spectroscopy 
(XPS) of the samples, we found that the chemically deposited 
layers preserved their high SERS enhancement for a year, while 
the physically deposited (magnetron sputtered) samples demon-
strated a gradual decrease of SERS properties already after a 
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Figure 3 Prospective silver-based biocompatible nanocomposites prepared 
by modified ultrasonic aerosol spray pyrolysis (micrographs of authors): 
(a) silica beads decorated with silver nanoparticles, (b) a schematic drawing of 
the material formation, (c) graphene oxide-based nanocomposites loaded with 
silver nanoparticles, (d) pure silver nano particles, (e) magnetic Fe3O4–Ag 
nanocomposite. Preparation of SERS-active nanocomposites using the proposed 
carriers of silver nanoparticles results in quite different optical properties 
which allow one to differentiate the materials in terms of their practical 
applications.
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month of storage. XPS studies confirmed that the surface of 
magnetron sample was contaminated with oxygen derivatives 
of carbon, the sample with a chemical prehistory prepared in the 
atmosphere of water vapor and ammonia contained no nitrogen, 
although magnetron deposited samples demonstrated nitrogen 
valence states likely corresponding to nitrides or oxynitrides.69 

Simple easy-to-prepare sols of noble metal nanoparticles are 
popular in SERS investigations.6,9,11,16,18 However, despite of all 
possible advantages, the nanoparticles themselves are likely to 
aggregate uncontrollably in solutions making it difficult to repro-
duce SERS results. Nanoparticle sols exhibit also limited plasmonic 

tuneability as compared to a new class of nanomaterials – col-
loido somes (Figures 3 and 4) composed of a dielectric core and 
a concentric metal shells with hybridization of plasmon modes 
supported by an inner cavity and an outer surface of the nano-
shell.82–90 The colloidosome family of SERS nanocomposites 
makes it possible to tune plasmon resonance bands readily by the 
size of the cores, the thickness of the metal shells, the dielectric 
core coverage with plasmonic nanoparticles, the coupling between 
neighboring particles and the appearance of additional ‘hot spots’. 
In particular, one effective strategy to design SERS-active mate-
rials is based on preparation of nanocomposites composed of 
microparticles, like Stöber-derived silica microbeads, decorated 
with nanoparticles.84–90

Such materials allow one to concentrate nanoparticles on the 
surface of dielectric microcarriers, organize additional hot spots, 
build up self-assembling structures and control optical properties 
by varying the thickness and coverage of the SiO2 core by the 
silver shell. Usually, silver reduction agents like ascorbic acid, 
NaBH4, SnII, PVP are used to produce and electrostatically attract 
silver nanoparticles to the surface of silica, while it is shown in 
a number of recent papers that diamminesilver(I) complexes 
can be used to produce silver nanoparticles under mild condi-
tions.61,63 In such a case, a typical size of the isotropic silver 
nanoparticles embedded (encrusted) into the superficial layer of 
silica is surprisingly small, only about 2–5 nm, and demonstrates 
no large deviation in the mean size. It seems that an etching 
process is important for further overgrowth of silver since many 
originally formed seeding nanoparticles go deeply into the body 
of silica microspheres, they are encrusted into the superficial 
layer. An additional overgrowth step can result in unusual facetted 
platelike nanoparticles (Figure 4).63 Physical deposition tech-
niques result in Janus particles (Figure 4) with round shaped 
particles, while preparation of anisotropic silver nanoplates allows 
one to deposit them onto biocompatible cellulose substrate making 
it SERS-active with enhanced spectral sensitivity (Figure 4). In 
addition, the resulting nanocomposites are reasonable to store 
inside a sacrificial biopolymer film like hydroxyethylcellulose63 
which is a good candidate as a carrier of nanoparticles that could 
prevent environmental damage of the nanoparticles and also make 
it suitable to apply the material for an advanced SERS analysis. 
A wide shoulder of light absorption of such nanocomposites 
allows one to apply different laser irradiations to agitate Raman 
signals. The samples are SERS-active and exhibit a new example 
of robust and flexible technology to produce biocompatible SERS 
materials with adjustable functional properties (Figure 4).

Biological objects and silver nanomaterials
A recent trend of SERS applications demands an enhancement 
of Raman scattering of molecules separated from nanoparticles 
by a certain structure (for example, cell membranes, Figure 5). 
That is desired for studies of biomolecules in their natural 
environment in cells or organelles.61,62,69 The nanocomposites 
like colloidosomes allow one to concentrate nanoparticles on the 
surface of dielectric microcarriers, build up self-assembling struc-
tures, reduce possible toxicity effects with respect to biological 
objects, caused otherwise by free nanoparticles, and provide 
multi functionality by introducing biocompatible, magnetic, meso-
porous and other cores with varied optical properties. This unique 
set of abilities makes colloidosomes to be excellent candidates 
for biology-oriented SERS, however, the problem remains chal-
lenging especially for intact organelles62 in the course of non-
invasive monitoring of their functions. It is important to under-
stand that, in the case of single molecules, the enhancement of 
Raman signal occurs due to, at least, several known reasons, 
including a local electrical field amplification, a charge transfer 
between nanoparticles and the molecules and ‘hot spot’ forma-
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Figure 4 Silver-based biocompatible nanocomposites prepared by soft 
chemistry and physical methods (micrographs of authors): (a) Micro struc-
tural features of silver–Stöber silica composites based on seeding and 
regrowth technique showing (1) silica beads, (2) pits on the surface of silica 
and (3) polygonal silver nanoparticles; (b) silver ion sputtering on silica 
beads (1) when forming (2, 3) small silver clusters and (4) larger silver 
nanoparticles; (c) mixture of silver nanoplates of different aspect rations on 
cellulose substrate; (d) sacrificial polymer films containing silica beads with 
polygonal silver nanoparticles.
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tion.6–9 It is commonly considered that intense SERS spectra 
with well-defined peaks can be observed mostly for molecules 
that are attached to plasmonic nanostructures. Importantly, as soon 
as we consider molecules inside living cells, no physical contact 
between nanoparticles and the analyte molecules is possible. 
Obviously, both the ‘hot spot’ and the charge transfer enhance-
ment vanish in this case since they require a close contact between 
the molecules and the nanostructures. Therefore, the remaining 
electromagnetic field enhancement becomes a dominant mecha-
nism, however, it is mostly determined by the morphological 
features of the nanostructured surface.

SERS studies of cells or cell organelles become a growing  
trend.11,17,18,61,62,65,68,69,91–102 Most of fundamental and diag-
nostically oriented studies of cells and isolated biomolecules 
are done by SERS with silver or gold colloids. However, as 
mentioned above, they can be cell toxic, can change osmolarity 
of the cell environment, distribute inside the cell or on the cell 
surface non-evenly and can aggregate altering Raman enhance-
ment. In this sense, nanostructured surfaces have several advantages, 
since they are more stable, do not contain preparation by-pro-
ducts and can give reproducible Raman enhancement.61,62 An 
important application of SERS in biomedical diagnostics involves 
studies of hemoglobin (Hb) abnormalities caused by erythrocyte 
malfunction as a result of pathologies of the cardiovascular 
system or key organs.11,61,65,68,69,91–96 Unfortunately, Hb itself 
points to a general problem related to the SERS analysis of bio-
molecules. As soon as Hb is leaked from an erythrocyte, it might 
interact with colloidal nanoparticles, they tend to attach to heme, 
tryptophan, amide and aromatic amines, cause conformational 
changes, unfolding, formation of charge-transfers complexes and, 
finally, sedimentation of large aggregates. These circumstances 
urge the development of new experimental approaches to study 
undisturbed structures of Hb in its natural cellular environment to 
provide the analysis of these important cells ‘as is’. SERS studies 
of blood are disappointingly rare.11,61,65,69,96 The substrates with 
hierarchic ‘coffee ring’ morphology69 evoke no hemolysis, they 
are suitable to immobilize erythrocytes, provide a tight contact 
of the silver nanostructure with erythrocyte membranes. As a 
result, SERS from submembrane hemoglobin (Hbsm) inside single 

living erythrocytes was observed confirming effectiveness of 
such a morphology for the design of biosensor chips. In principle, 
each living erythrocyte contains two distinct populations of Hb 
molecules including cytosolic (Hbc) and submembrane (Hbsm) 
hemoglobin bound to the cytosolic domain of the membrane 
anion exchanger AE1 and located no deeper than 15–20 nm 
from the extracellular surface of erythrocytic plasma membrane 
(Figure 5).69 In traditional Raman spectroscopy, spectra of erythro-
cytes correspond to Raman scattering of Hbc since the con tri-
bution of Hbsm is negligible because of its very low concentration 
of less than 0.5% of Hbc. However, it should be Hbsm that 
contributes mostly to the enhancement of Raman scattering since 
it is located much closer to the contacting silver nanostructures.69 
It is the right choice to analyze Hbsm since the functional state of 
membrane bound Hbsm is highly relevant to the understanding 
of red blood cell regulatory processes, hemoglobinopathies and, 
then, possible medical diagnostics. 

Mitochondria are organelles of fundamental importance for 
cellular energy production, metabolic regulation, aging and cell 
survival under stress (Figure 5).61,62,103–117 A normal function of 
mitochondria and their pathological changes, including produc-
tion of reactive oxygen species (ROS), are heavily dependent on 
the redox state of the electron transport chain (ETC) cytochromes 
and cytochrome c, in particular. At present, most of studies of 
isolated mitochondria and mitochondria in cells are performed 
by fluorescent microscopy, absorption spectroscopy and measure-
ments of O2 consumption. The fluorescent microscopy with 
small fluorescent dyes or fluorescent proteins can provide 
general information about changes in the potential of the inner 
mitochondrial membrane, the mitochondrial volume, and the 
co-localization of certain mitochondrial components with a mole-
cule of interest. In spite of numerous advantages, these methods 
provide only indirect information about the redox state of ETC 
complexes. The direct information about cytochrome c redox 
state and its intermembrane space (IMS) dynamics in living 
mitochondria is still difficult to obtain since they are highly 
dynamic, affecting cytochrome diffusion in IMS, interaction with 
complexes III and IV and the electron transfer. Thus, a sensitive, 
noninvasive, label-free analysis of cytochrome c inside intact 
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functional mitochondria can extend our understanding of the 
role of cytochrome c in the modulation of ETC activity and the 
development of mitochondria pathologies.61,62 Raman scattering 
of cytochromes is sensitive to their redox state, mitochondrial mem-
brane potential and the activity of electron transport.61,62,107–112 
Previously, SERS spectra were recorded from purified oxidized 
or reduced cytochrome c adsorbed on silver electrode or mixed 
with silver colloid. Both reduced and oxidized cytochromes 
possess intensive SERS spectra and can be distinguished from 
one another. However, there are only a few reports on SERS and 
TERS observation of isolated mitochondria.61,62,116,117 

We demonstrated recently that it is possible to enhance 
Raman scattering of c-type cytochromes in ETC of functional 
living mitochondria by means of specially designed silver nano-
structured substrates or colloidosomes61,62 and that the SERS 
spectra of mitochondrial cytochrome c are sensitive to the H+-
gradient across IMM, mitochondrial membrane potential and the 
ATP synthesis. The limitation of the proposed approach is that it 
can be used to study cytochrome c in isolated mitochondria, not 
in mitochondria in cells, since nanostructured surfaces cannot be 
endocytosized. Thus, mitochondria remain challenging but highly 
desired objects for SERS and this reveals common trends in 
SERS biomedical diagnostics in searching for oncomarkers, 
analyzing the effects of new pharmaceutical agents, looking at 
chemical processes inside embrions, for viruses, important cells 
and organelles.6,7,9,11,14,37 

Practical approaches on SERS diagnostics  
of biological objects
Practical implementations of SERS active nanomaterials often 
face additional problems, including a demand of enhancement of 
spectral sensitivity, necessity to reduce noise and background 
signals, increasing reproducibility of SERS measurements. Note 
that an ensemble of traditionally used spherical particles gives no 
broad extinction spectra contrary to those observed experi mentally 
since isotropic nanoparticles possess a narrow plasmon peak 
and, moreover, this narrow peak is red-shifted only by 15–20 nm 
even if the particle size becomes several times larger.8–10,64,68,73 
Figure 6 confirms this, indicating that the peak of small spherical 

particles is located at about 400 nm, and much larger, almost 
isotropic 40×40×48 ellipsoids have two peaks at about 405 and 
425 nm, therefore, even a small anisotropy gives already a con-
tribution to the red-shifted part of the overall extinction spectra. 
It is ambiguous to correlate strictly the SERS enhancement and 
the plasmonic band position because the influence of small nano-
particles seems to be the most important for SERS. Thus, optical 
features demonstrated by ensembles of silver nanoparticles 
(Figure 6) make us to believe that a mean particle size and 
complexity of the morphology is not the only reason of usually 
observed broad plasmonic peaks but it is particle size distribution 
peculiarities that contribute substantially to the overall SERS 
enhancement parameters. 

Artificial nanoparticle mixtures and aggregates are, in principle, 
favourable for an advanced design of universal substrates for a 
SERS analysis of living cells. Indeed, if several different nano-
particles are present onto an area of several microns, as small as 
typical dimensions of cells, there are at least some of them 
contributing greatly to the Raman enhancement because a laser 
irradiation wavelength, a suitable plasmon band position and an 
absorption range of analyzing molecules coincide with each other. 
There is no sense to create ‘hot spots’ or other constructions for 
‘single-molecular’ detection since they cannot operate due to a 
thick cell membranes and a large size of cells. That is why a local 
electromagnetic field remains effective only in the case of non-
invasive transmembrane analysis of living cells. The same principle 
is valid for stochastic silver ring structures or nanoparticles of a 
complex shape demonstrating light absorption in a wide range 
due to the presence of elements of different scales.61–65,69 At the 
same time preparation of such substrates for biosensor chips69 
guarantees that the nanomaterials produced are safe for biological 
objects and vice versa. 

A wide range of different materials as nanoparticle carriers 
could be hypothetically suitable for transmembrane SERS studies 
of these important biological objects but their real applications 
require some additional features like high chemical stability, bio-
compatibility, nanoparticle bonding ability and also the materials 
should not have their own Raman peaks being enhanced by 
nanoparticles and thus disrupting the final spectral data. Such 
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Figure 6 Optical properties of biocolloids for SERS studies of cells and organelles. (a) Discrete dipole approximation of simulated extinction spectra of 
nanoparticle ensembles, plasmonic bands for mixed fractions of 70×70×105, 40×40×60, 70×70×84, 40×40×48 nm ellipsoids and 10 nm spheres with 
contributions (%) of (1) 10:10:10:30:50, (2) 35:10:35:10:10 and (3) 50:20:20:10:0, respectively. (b) Spectral components of the simulated spectra, (1) 10 nm 
and (5) 70 nm spheres, (2) 10×10×15 nm, (3) 40×40×60 nm, (4) 40×40×48 nm, (6) 70×70×84 nm and (7) 70×70×105 nm ellipsoids, respectively. 
(c) ‘Background’ Raman signals of as-prepared SiO2 colloidosomes decorated with silver nanoparticles and with no analytes added, (1) Stöber SiO2 micro-
spheres, aqueous AgNO3 reduction with NaBH4, (2) Stöber-derived SiO2 after drying at 500 °C, ultrasonication and borohydride coating with silver nano-
particles, (3) aerosol-derived SiO2–Ag (streaming temperature 850 °C). (d) Reproducibility of SERS spectra of functioning mitochondria using Ag–SiO2 
colloidosomes: an averaged spectrum (thick black line) and standard deviations (grey area) for a series of spectra measured from either one and the same or 
different points. The inset shows two spectra measured using the same colloidosomal material but for different mitochondria series with a period of separate 
measurements of about one year.
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signals are, indeed, negligibly small if the enhancement coeffi-
cient reaches 1010–1014 for adsorbed cherry-picked model mole-
cules, however, the absence of a SERS signal from nanoparticle 
carriers becomes important for the transmembrane analysis of 
living cells and organelles with the remaining 104–106 electro-
magnetic field enhancement. In particular, if a reaction of nano-
structured silver formation occurs in aerosol droplets at high 
temperatures, then the final powder is not accompanied by side 
products and, thus, it requires short preparation time and no 
purification (Figure 6).61 Therefore, the spraying process in the 
case of silica allows one to produce SERS-active silica beads coated 
with silver nanoparticles demonstrating a smooth back ground 
suitable for measurements of biological objects. Other standard 
preparation procedures of Ag@SiO2 nanocomposites yield strong 
background signals. For example, peaks ‘A’ [Figure 6(c)] could 
be attributed to NH2 groups, nitrates and/or C=C conjugated bonds, 
the ‘B’ group corresponds most probably to CH2 deformation 
vibrations, ‘C’ accumulates CH2 wagging–alcohol OH deforma-
tion vibrations, the ‘D’ group could correspond to nitrates, alcohol 
OH, CH2 twisting or silica vibrations, small peaks ‘E’ and ‘F’ are 
Si–OH deformation, Si–O–Si and B–O bonds or Si–OH, Si–O–C 
(ethoxy) vibrations, respectively. Amino groups could appear 
due to aqueous ammonia used for TEOS (tetraethyl orthosilicate) 
hydrolysis, nitrates are the absorbed NO3

– from silver nitrate being 
a source of silver nanoparticles remaining in the silver hydrosols. 
Thus room-tem perature preparation or moderate annealing cannot 
yield a proper matrix for further silver nanoparticle deposition 
since SERS studies face numerous background peaks. Also, Si–OH 
groups are used as anchors in many traditional preparation methods 
to stick silver nanoparticles. The linkers could manifest themselves 
by bright vibration modes enhanced by silver nanoparticles and 
thus they might strongly interfere with possible analyte peaks. 
For example, a dominant intense line of PVP appears at 1606 cm–1 
with a weak shoulder at 1660 cm–1. Additionally, the CH2 
bending region is dramatically perturbed with the strongest line 
at 1380 cm–1, PVP degrades under oxidizing conditions and form 
amorphous carbon. Such by-product peaks make it hard to apply 
traditional Ag@SiO2 nanocomposites for an advanced analysis 
of biological objects. The reaction occurring in the course of 
pyrolysis results in pure Fm

–
3m silver nano particles of 10–20 nm 

or their larger aggregates61 deposited randomly on the surface 
of 250–300 nm SiO2, while ammonia, oxygen and water are 
transferred into the gaseous phase and thus easily separated from 
the final Ag@SiO2 colloidosomes by one-step aerosol pyrolysis. 
Different sizes of silver superficial aggregates originate of dif ferent 
volumes of aerosol droplets providing increased or decreased 
amounts of dissolved silver for each SiO2 microsphere entrapped 
by a droplet of aqueous silver complex in streaming aerosol. Due 
to a sufficiently high concentra tion of silica colloid used for 
spraying, almost all the silver nanoparticles reside onto the surface 
of SiO2 beads. The material could be stored, at least, for one year 
in our experiments pre serving its functional properties and could 
be mixed on demand with different biological substances since 
all the silver particles are immobilized on the surface of silica 
microspheres, do not aggregate or change in time, also, the 
micro spheres contain no biologically dangerous substances or 
surfactants and could be kept, in general, as an aseptic product. 

USSR substrates demonstrate a negligible background.65,68,69 
This allowed us to use small laser power that prevented photo-
induced damage of biological objects and ensured repeated 
measure ments of SERS even from the same point.69 SERS 
measurements of isolated Hb and erythrocyte ghost solutions 
(vesicles of erythrocytic plasma membrane without cytosolic 
Hb but with a different amount of Hbsm) placed on the USSR 
substrates demonstrate that the observed SERS spectra corre-
spond to Hbsm. SERS spectra of living erythrocytes correspond 

to the enhanced scattering of Hbsm and possess the same set 
of peaks as conventional Raman spectra of erythrocytes. Con-
sidering blood dilution and the amount of Hbsm in erythrocytes, 
the enhancement factor for large peaks at 1370–1375 cm–1 in the 
SERS spectra is estimated69 to be about 30 000. The latter means 
that our SERS experiments are relevant to a single-cell optical 
analysis. 

SERS spectra of mitochondria (Figure 6) placed on the same 
substrate demonstrate61,62 a set of intensive peaks corresponding 
to heme molecules of cytochromes of mitochondrial ETC with 
the position of their main maxima at 748, 1127, 1170, 1313, 
1371, 1565, 1585 and 1638 cm–1. These peaks originate from 
the normal group vibrations of pyrrole rings, methine bridges and 
side radicals in the heme molecule. The origin of SERS spectra 
of mitochondria comes from vibrations of the c-type heme in 
cytochrome, namely, the cytochrome c.61,62 SERS spectra of 
reduced mitochondria correspond to SERS spectra of reduced 
purified cytochrome c and reveal a well-known shift of maximum 
positions of peaks sensitive to the redox state of Fe ion. We 
should note that ordinary Raman spectrum of mitochondria is 
noisy and does not contain Raman peaks of cytochromes even 
under high excitation power. SERS spectra of mitochondria 
recorded from different spots and from the same place repeatedly 
are highly reproducible.61,62 Stability of mitochondria SERS 
spectra recorded from the same spot in time is an indicator of the 
absence of mitochondria photodamage under laser illumination. 
Intactness of mitochondria was determined using protonophores 
to check coupling between the electron transport and ATP 
synthesis. The coupling exists only in mitochondria with intact 
membranes and, therefore, mitochondria response to such agents 
is a good test on their integrity.61,62 To demonstrate high sensi-
tivity of SERS spectra of mitochondria to the proton gradient 
across IMM and mitochondrial membrane potential and to the 
redox state of other ETC complexes, we applied61,62 protonophore 
FCCP and oligomycin as an inhibitor of ATP-synthetase (ETC 
complex V). FCCP-induced uncoupling of the electron transport 
and ATP synthesis leads to the decrease in the relative amount 
of reduced electron carriers including cytochrome c.61,62 Oligo-
mycin, to the contrary, due to the inhibition of ATP-synthase, 
causes accumulation of protons in the intermembrane space 
resulting in IMM hyperpolarization, decrease in the electron 
flow rate and the increase in the relative amount of the reduced 
electron carriers in ETC. The behavior of c-type cytochrome 
SERS peaks following FCCP and oligomycin treatments was in 
the complete agreement with the expected dependence of the 
reduction state of c-type cytochromes on the proton-motive force 
and the ETC loading with electrons.61,62 

Cytochrome c is known to exist in several fractions (Figure 5): 
immobilized pool, bound to cardiolipin in the surface of internal 
mitochondrial membrane, mobile pool – 3D and 2D-diffusing 
cytochrome molecules moving in intermembrane space near or 
between inner and outer mitochondrial membranes and randomly 
interacting with ETC complexes III and IV and cytochrome 
molecules short-term bound to the complexes III or IV accepting 
or donating electrons. Under the ETC function, the distance 
between nanostructures and cytochrome c in mitochondria varies 
between 7–17 nm and can be greater if the intermembrane space 
thickness increases. The distance between cytochrome c bound 
to complex III and silver nanostructures is at least 13 nm. Cyto-
chrome c bound to IMM or complex IV locates at ~17 nm from 
silver nanostructured surfaces. Relying on these data, we suppose 
that the SERS signal comes from 3D-diffusing cytochrome c and 
cytochrome c bound to complex III, while cytochrome c inter-
acting with complex IV or cardiolipin of IMM does not contribute 
to SERS spectra. Colloidosomes demonstrate similar results.61 
Importantly, Ag@SiO2 exhibits a high stability under prolonged 
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storage (Figure 6). Thus, SERS spectra of different mitochondria 
recorded using Ag@SiO2 within the 11 month interval are very 
similar both in the spectral intensity and the set of peaks. This is 
an important finding since reproducibility and stability is a key 
issue for SERS materials.118 The data indicate that the proposed 
SERS-based approach can be used to study conformational and 
redox state changes in cytochrome c in respiring isolated mito-
chondria under various conditions.

Thus, silver based nanomaterials demonstrate a great potential 
of their practical applications as SERS-based platform for bio-
medical studies approaching future medical diagnostics. Nano-
chemistry provides further new highly productive SERS-based 
tools for biomedical analysis.119–127 An application of gold 
nanoparticles, minimally invasive to cells, gold nanopipettes 
for  intracellular studies, development of novel TERS techniques 
adopted for biological objects reveal their extraordinary potential 
for biomedical diagnostics.34 At the same time, a key problem of 
reproducibility of SERS results due to strong gradients of electric 
field around and between SERS nanoparticles and a variation 
of biomolecule positions with respect to the nanoparticles118,126 
require the further development of cost effective express tech-
niques of optical noninvasive analysis. The rich chemisty of 
silver helps to create new ideas solving most of fundamental, 
biological and technical issues, which still exist in this highly 
competitive area, to provide important competences and practical 
perspectives of SERS-based devices.
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