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A B S T R A C T

Within the frame of gaining a deeper understanding on structure,
chemical composition and properties of cells, tissues and similar sam-
ples, relevant from a bio-medicinal perspective, many chemical and
physical methods have been developed and applied in recent years.
However, considerable knowledge gap involving distribution, quan-
tity and relationships of target compounds in the sample structure
still persist. Combination of molecular spectroscopy and optical mi-
croscopy has tackled this issue in a non-invasive way; discovery of
surface enhanced Raman scattering remarkably broaden its potential
and allowed an analysis of until that point unthinkable compounds at
ultra-low concentration levels. Following text briefly describes funda-
mental principles of Raman spectroscopy, shows the most interesting
results, achieved by the author within past ten years, and draft its
further ways of research and development.
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P R E A B M L E

We are witnessing a technological upheaval which represents a strong
incentive for the shaping of modern society. Technical solutions have
been developed that have been unimaginable for the previous gen-
eration and which significantly influence the quality of life. Social
transformation plans are designed as a result of rapid technological
development, which seeks to predict the relationship of new technolo-
gies, in particular, digitization, to the future form of society and tech-
nology to use it profoundly. The skilled observer is able to witness
both, fast and slowly coming changes taken place in many, nearly
all, fields of human industries. This works aims at the development
of methods applicable in biology and medicine, some of them, par-
ticularly in medical diagnosis. The course of events in this field
can be considered as two-directional. One part of the ongoing re-
search targets development of new analytical methodologies able to
analyze even lower concentrations of biomarkers in more complex
samples or to detect newly discovered ones. The other part is aimed
at strategies applicable to a "point of care, (POC)" operational mode.
This movement includes low-cost devices designated for developing
countries, and open public use, and smart devices with additionally
higher selectivity, specificity or simplicity to operate. However, both
research directions have at least one conjunctive motivation, this is to
improve the patients’ lives for an acceptable price. Due to these aims,
analytical techniques, including electrochemistry, mass spectrometry,
chromatography, spectroscopy, and others are undergoing significant
progress. Raman spectroscopy is standing still on the edge of the
real clinical application, even thou a high number of published scien-
tific results, describing its utilization in the analysis of thousands of
biomarkers, cells, pathogens, tissues, has already proved its capabili-
ties. During my work with this unique technique, I have recognized
two factors, which are efficiently blocking its further utilization in
commerce clinical applications, and as a point of care device. First,
the robustness of the developed methods is still under acceptable
limits, and second, the costs of the necessary equipment are high,
compared to other POC techniques. Both issues need to be solved
sufficiently, and they will be, eventually. New nanomaterials with ex-
citing properties in surface enhanced Raman spectroscopy (SERS) are
being developed on an everyday basis, and new CCD detectors and
semiconductor lasers allow to minimize the price down to new lows.
Following text describes a way I have gone through the development
of analytical methods applicable in an analysis of physiologically ac-
tive compounds, cells, and bacteria using Raman spectroscopy.
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Part I

T H E O RY C O N C E R N I N G R A M A N
S P E C T R O S C O P Y



1
I N T R O D U C T I O N T O R A M A N S P E C T R O S C O P Y

1.1 historical background and consequences

The genesis of the Raman spectroscopy befallen in the first quarter of
the 20

th century, when the scattering of monochromatic light, accom-
panied by a change of frequency was predicted by Adolf Smékal, and
partially observed by Capmton for radiation in the X-Ray spectral
region.[1, 2] However, the real story begins with a scientist named
Raman and his trip through the Mediterranean Sea, where he was
struck by the deep blue opalescence of the seawater.[3] Previously,
Lord Rayleigh had described the blue color of the sky by a scattering
of sunlight by molecules constituting the gaseous atmosphere, and
hypothesized that the color of the sea water is caused by a reflection
of the sky.[4] Later, Raman showed that the deep blue color is caused
by a scattering of light on the molecules of water. This is where his
study of the light scattering begun. While studying the scattering of
light in various liquids in 1923, Ramanathan, one of the Raman’s stu-
dent, observed a new and entirely unexpected phenomenon. When
sunlight, filtered through a violet glass, passed through the liquid,
the scattered rays contained wavelengths not previously present in
the incident light. The experiment was performed with two comple-
mentary filters, and its design provided a clear proof that the scat-
tering transformed the violet light into green. Ramanathan named
the phenomenon "weak fluorescence." The same phenomenon was
later observed also in experiments, where light scattering was stud-
ied in over sixty liquids. Interestingly, Raman’s student Krishnan
observed another important effect. The new radiation was polarized,
in contrast to fluorescence, which is without polarization. Raman and
Krishnan further proceeded with more experiments and discovered
that the new scattered radiation is separated from the rest unmodified
scattered light by a dark space. By this observation, the discovery of
this new effect was complete, and it was later named after Raman.[5]
The line spectrum, corresponding to the newly discovered radiation,
was observed for the first time on the 8

th February 1928. Later, after
the discovery, Raman and Krishnan carried out further experiments
and recognized that: I) each compound has a characteristic Raman
spectrum, II) for a given compound the difference in frequency be-
tween Raman lines and the exciting line is constant, III) the new lines
are sharp and usually observed in pairs. The observed range of fre-
quency shifts is in the range from units of cm-1 to 3800 cm-1, and
frequencies correspond to oscillations of chemically bond atoms of
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the observed molecule. It can be stated that the universality of Ra-
man effect, the straightforwardness of the experimental technique,
and simplicity of the resulting spectra mark this effect as a promising
tool for the solution of various problems in many branches of science
and technology. Since 1928, many modifications and improvements
of the experimental design have been proposed and realized. 1 One
of the most limiting experimental problems of Raman spectroscopy is
the low intensity of inelastic scattering and high intensity of Rayleigh
scattering. This fact has posed many restrictions, and have been a
cause of extensive development in the instrumentation since the be-
ginning to present. Early development was lead in the way of new
radiation sources, including mercury lamp, Toronto arc lamp, and
others, where a breakthrough has been achieved with a discovery
of LASER in 1960. [6] During the 1970s, most Raman instrumen-
tation used Ar+, Kr+, He-Ne, Cadmium or Ruby lasers. Following
the demonstration of FT-Raman spectroscopy in 1968, the use of Nd:
YAG laser operating at 1064 nm has been generalized as a standard
to minimize effects of fluorescence.[7] Progressive development in the
field of optoelectronics led to new semiconductor lasers operating at
various frequencies; even tunable lasers are available nowadays. The
next recognized challenge, worth to investigate, was a difficulty to
measure at short Raman shifts due to a presence of Rayleigh scatter-
ing. This problem has been partially solved by an application of ad-
vanced optical filters, including volume Bragg gratings, edge filters,
etc. These optical systems can decrease the level of Rayleigh scatter-
ing for 100 or more orders of magnitude even at very short Raman
shifts in the units of wave-numbers. Since the discovery of Raman
scattering, many experimental techniques based on this phenomenon,
have been developed. First resonance Raman spectra were reported
in 1953 by Shorigin. [8] Resonance Raman spectroscopy gained on
popularity (since) then, especially among scientists working with bi-
ological samples, where sensitivity and fluorescence present consid-
erable problems. Next to stokes lines, also utilization of anti-stokes
lines was studied and several techniques were developed, with coher-
ent anti stokes Raman spectroscopy (CARS) as a prominent example.
CARS allows acquiring high resolution spectra, not limited by the
used Raman spectrometer, but only by the line width of the laser. In
1966, it was found out that the intensity of Raman spectra does not de-
pend on the sample volume, and it should be essentially constant for
large-volume samples as well as for ultra-small samples.[9] The size
of the sample is thus limited only by a diffraction limit and thus by
an optical path, including number aperture of the objective, and laser
wavelength. Micro-Raman spectrometers then found a stable place

1 Inelastic scattering was analogically observed in the same time era by two Russian
scientists L. I. Mandelstamov a G. S. Lansbergov and mathematically described by
two Austrian/Czech scientists: Georg Placzek and Adolf Gustav Stephan Smékal.
Georg Placzek was the only Czech scientist working on the project Manhattan.
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not only in research laboratories, but also in industry. Its potential
was further extended by an incorporation of confocal optical designs.
However, one of the most critical moment in the history of Raman
spectroscopy was a discovery of surface enhanced Raman scattering
(SERS). It was first observed on pyridine deposited on a rough surface
of the silver electrode by Fleishamn in 1974, and described few years
later. [10] The SERS allows to increase the Raman cross section of
molecules adsorbed on a plasmonic material several orders of magni-
tude. Even a detection of as single molecule, deposited on the surface
of a single silver nanoparticle was described in 1977 be Kneipp.[11]
Numbers of publications, where SERS is applied, exponentially in-
creased since its discovery. Nowadays (February 2019), more than
16 000 publications can be found on the Web of knowledge. It can
be thus postulated, that Raman spectroscopy has experienced a great
development and explosive penetration into many fields of human
activities since 1928, and its position is still growing.

1.2 basic principles

According to the traditional perspective of the life creation, the light
was separated on the first day. Not too late after, our forebearers
gained an appetite for knowledge, which was never lost. The interac-
tion of radiation with a medium results in several processes occurring
with various probabilities. For the most part, transmission or reflec-
tion takes place. However, a small fraction of the incoming radiation
is scattered due to inhomogeneities inside the medium. These can be
divided to elastic (e.g., due to crystal dislocations) or dynamic inelas-
tic, such as atomic vibrations, where a change in the wavelength is ob-
served. Only an extremely small portion of the radiation is scattered
inelastically. Several light scattering effects, providing structural in-
formation are known and understand, and Raman spectroscopy is a
technique based on these effects. Today - in 2019, more than 25 types
of Raman spectroscopies were described and used. The principal
ones include Rayleigh scattering, Raman scattering, hyper-Rayleigh
scattering, hyper-Raman scattering, coherent anti-Stokes Raman scat-
tering, coherent Stokes Raman scattering, and stimulated Raman to
gain or loss spectroscopy. Raman spectroscopy is a powerful spectral
technique based on the evaluation of the inelastically scattered radia-
tion, produced by the interaction of the incident radiation with atomic
vibrations. When a radiation (electromagnetic wave) is applied on a
molecular system, the electron and nuclei respond by moving in op-
posite directions, in a respect to the Coulobm’s law. The weak elec-
tric field induces a dipole moment, which is linearly proportional to
the applied electric field, where the proportionality is labeled as po-
larizability. The intensity of the scattered radiation corresponds to
the square of the magnitude of the oscillating dipole moment. To
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simplify the description of basic principles behind Raman scattering,
infinite crystalline medium at finite temperature will be considered
as medium. The normal modes of the vibrations of atoms in the
medium are described by virtual quasiparticles, phonons.[12–14]
The medium displacement χ(r,t), where r is a position and t time is a
sum of random motions described by wave vectors q, and frequency
ωq, described by the equation (1).

X(r, t) =
∑
q

[X(q,ωq)e
i(q.r−ωqt) +X∗(q, t)e−i(q.r−ωqt)] (1)

Atomic displacements have a considerable influence on the change of
susceptibility tensor −→χ of the irradiated medium. Due to a nature of
the displacements, compared to the lattice parameter, only the first
order Taylor expansion will be considered (please see the equation
(2)):

−→χ ' −→χ 0 + (∂−→χ /∂X)x=0X(r, t) (2)

The polarization P at the position r and time t is given by the equation
(3):

P(r, t) = ε0
−→χ (ω1)EI(r, t) (3)

, where E1(r,t) is the electric field at the position r at the time t. It
is strictly correlated with the excitation radiation, defined by a mo-
mentum k1, and angle frequency ω1, described by the equation (4):

EI(r, t) = EIei(k1.r−ω1t) + E∗Ie
i(k1.r−ω1t) (4)

The combination of the four mentioned equations 1-4 leads to an ob-
servation that the polarization of the medium is composed of three
parts: one with a same phase as the incident radiation, and two are
results of the interaction of the incident radiation with a medium sus-
ceptibility. This represents the inelastically scattered radiation, and it
has two terms:

1. one with a wave vector k1-q and frequencyωS =ω1-ωq (Stokes);

2. the other k1+q and frequency ωAS = ω1+ ωq (anti-Stokes).

The nomenclature is originated from the following postulate. Accord-
ing to a Stokes’ law applicable in fluorescence related processes, the
frequency of fluorescent light must be smaller or equal to that of the
exciting radiation, and anti-Stokes lines are those that contradict it.
This nomenclature has also been adopted for the Raman effect, al-
beit its fundamental differences. Conservation of the wave vector as
well as the frequency must be fulfilled in every scattering process.
However, all scattering processes have in common that, in contrary
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to direct absorption processes, the energy of an incident photon does
not have to be equal to the energy of the difference between two dis-
crete energy levels. The intensity of the scattering is considerably
increased, when the energy of the incident photon gets close to the
energy corresponding to a transition of the ground electronic state of
the material system to excited electronic state. When the energy lev-
els are equal, the system is considered as resonant and the intensity
of the scattered light is increased up to ten times, compared to non-
resonant conditions. This phenomenon is labeled as resonant Raman
spectroscopy (RRS). Raman scattering is according to its nature inco-
herent, and as a result the intensity of scattering strictly correlates
with the number of non-interacting molecules. Importantly, Raman
scattering is independent of the bulk structure of the material sys-
tem. The explanation of Raman scattering describes the occurrence
of inelastic scattering in a three event process, show in the figure 1.

Stokes
scattering

Anti - Stokes
scattering

E E

k k

|a>

|b>

|i> |i>

|a> |b>

ω1 ω2 

ωph 

ω1 ω2 

ωph 

Figure 1: Description of the Stokes and anti-Stokes scattering

1. An electron in its initial state |i> is excited by an incoming
photon with an angle frequency ω1 to an excited state |a>

2. The electron decays to a state |b> after interacting with a phonon
of energy ωph

3. The electron returns to its initial state by emitting a photon of a
lower energy ω2

For anti-Stokes scattering, the initial electronic state of the interacting
system is an excited state. The population of atoms in excited states is
according to a Bolzman’s distribution given by a temperature, where
the population increases correspondingly with the increased values.
The ratio of intensities of bands corresponding to Stokes and anti-
Stokes vibrations is consequently given by the equation (5):

IAnti−Stokes

IStokes
=

(ω1 +ωph)
4e−hωph/kT

(ω1 −ωph)4
(5)
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However, number of excited states is significantly lower compared to
ground states and the probability of anti-Stokes scattering is thus con-
siderably lower, compared to Stokes. As a consequence of the state
distribution, temperature of the measured medium can be calculated
from the ratio of intensities of Stokes and anti-Stokes signals.

1.3 instrumentation

Previous chapter covered fundamental aspects of the Raman scatter-
ing. In order to measure the inelastically scattered light, each part of
the Raman spectrometer has to be carefully tuned to maximize the
photon transmission and separation. The Raman spectrometer, in-
cluding original construction by Raman, consists of the light source,
monochromator or interferometer and detector. The following part
will discuss particular components in the light of their construction
design and its effect on resulting Raman spectra.
The selection of a light source has two fundamental aspects: radia-
tion power, and monochromaticity. The intensity of the radiation is
essential for the scattered light to be strong enough to be observed.
At the beginnings of journey, sunlight together with mercury vapor
lamps were used. The mercury vapor lamp has several strong emis-
sion bands localized at 253.7, 365.4, 404.7, 435.8, 561.1, and 578.0 nm.
First, large number of emission bands strictly requires a usage of a
filter to select only one wavelength. Otherwise, each emission band
will produce its own partially overlapping Raman spectrum and the
resulting spectral data will be extremely difficult to evaluate, and
consequently interpret. Second, the emission bands have relatively
large widths, which is initially convoluted into the obtained Raman
spectrum, and heartlessly reflected in broad Raman bands. On the
other hand, localization of the emission bands, produced by the Mer-
cury vapor lamp, is beneficial for Raman spectroscopy, because these
bands are located in the region from UV to visible green light, and
the intensity of the scattered light increases with a four power of the
frequency. Modern spectrometers use almost exclusively lasers. The
reason is a) high amplitude if the emitted radiation and b) radiation
is monochromatic. Moreover, the emitted light is polarized, which
gives an opportunity for the determination of the depolarization ra-
tio. Nowadays, gas lasers together with semiconductor lasers are fre-
quently used. From the family of gas lasers, argon with an emission
at 514 and 488 nm are the most popular.
Modern Raman spectroscopy recognizes two approaches: a) disper-
sive Raman spectrometers and b) interferometric Raman spectrome-
ters. In contrary to infrared spectroscopy, where interferometric ap-
proach is now the almost the only one generally used, dispersive Ra-
man spectrometers still have considerable advantages over spectrom-
eters based on interferometers. First, dispersive Raman spectrometers
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are significantly more sensitive, usually by a factor of ten to a hun-
dred, which gives an option to use lasers of lower powers, leading to
a lower sample destruction. Second, dispersive systems are less af-
fected by noise, which indicates lower limits of detection. One of the
great challenges in Raman spectroscopy is without any dount an ef-
ficient removal of Rayleigh signal. Earlier construction designs were
based on a set of extra-large double or triple monochromators with
focal lengths up to one meter and high resolution. This allowed to
measure the Raman signal close to the Rayleigh band. Example of
a double monochomator was installed in the earlier Raman models.
Triple monochromators were based on several stages with simultane-
ously rotated gratings, with McPherson McTripple LE as an illustra-
tive example. Nowadays, holographic notch filters with a high optical
density up to 6

8, and bandwidth 100 cm-1 are commonly applied. The
only disadvantage of the notch filers is in their basic principle. Each
light source (wavelength) needs to be equipped by its own filter. The
great success of interferometric technique in infrared spectroscopy
naturally led to a penetration of this approach also to the Raman
spectroscopy. The FT-Raman instruments are usually equipped with
ND:YAG lasers operating in the near IR region (commonly 1064 nm),
and powers in the range of lower units of Watts. Diode laser are be-
coming very popular due to their interesting benefit / prize ratio.
The FT-Raman spectrometers are usually equipped with Indium Gal-
lium Arsenide (InGaAs) detector, with Germanium detector or with
both in the ideal scenario. The InGaAs detector offers great perfor-
mance for routine measurements and for samples, where higher laser
powers can be used. on the other hand, Germanium detector offers
better performance for the analysis of compounds with low Raman
activity. Dispersive Raman spectrometers are usually equipped with
CCD detectors.[15]
Importantly, in FT-Raman spectroscopy, spectral noise has two sources:
the dark noise, and the short noise. The dark noise is given by the
detector itself, and is always constant. The short nose is given by the
photon flux, collected by the detector, and is influenced by the inten-
sity of Raman scattering, the optical throughput of the system and
quantum efficiency of the detector.[16–18]
Empirical formula for a total noise with a given sample and experi-
mental conditions is given by the equation (6):

N2 = N2
dark +αS (6)

where α is a proportionality constant and S stands for the peak inten-
sity. The signal to noise (S/N) ratio is than given by the equation (7):

S/N = 2

√
S2

N2
dark

+
S

α
(7)
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The equation 7 shows that a one single constant cannot be used to
characterize the S/N performance of the particular instrument. High
signal levels are more affected by a short noise, and S/N is thus pro-
portional to the square root of signal intensity. In this case, the detec-
tor with the highest quantum efficiency will the wise choice. On the
other hand, low signal levels will be less affected by the short noise
and dark noise will be thus dominative.
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2
F U RT H E R D E V E L O P M E N T O F R A M A N
S P E C T R O S C O P Y A N D C A S E S T U D I E S

2.1 surface enhanced raman spectroscopy

Surface enhanced Raman spectroscopy (SERS) is considered as one
of the most important milestones in the development of Raman spec-
troscopy. The effect was discovered, albeit not recognized, in 1974

by Fleishmann.[10] He observed an intense Raman scattering from
pyridine anchored on a silver electrode, previously roughened to in-
crease its surface area and thus a number of adsorbed molecules. The
original Fleishmann’s intention was to develop an analytical platform
able to monitor electrochemical reaction directly using Raman spec-
troscopy in situ. Jeanmaire, Van Duyne, Albrecht, and Creighton
observed that the signal amplification of such amplitude could not
be caused solely by an increase of adsorbed molecules.[19, 20]. Jean-
marie with Van Duyne hypothesized mechanism based on the electric
field enhancement, and Albrecht with Creighton proposed a mecha-
nism based on resonance Raman effect utilizing interaction of metal
with adsorbed molecules. The signal enhancement was large, com-
pletely unexpected, difficult do understand in that time and had a
great practical applicability. Since its discovery, research of SERS ac-
celerated tremendously, and its applications penetrated into many
areas of mankind activities. Nowadays, two involved mechanisms
describing the Raman signal amplification are taken in account: elec-
tromagnetic and chemical enhancement.
The electromagnetic mechanism can be described on an example of
a metal sphere in external electromagnetic field. The metal spheri-
cal particle has a diameter much smaller than the wavelength of the
incident radiation, and it can be thus stated that the electric field
is uniform across its surface. The relation between the electric field
induced on the surface and external field can be described by the
following equation (8).

Einduced =
[ε1(ω) − ε2]

ε1(ω) + 2ε2
Elaser, (8)

where ε1(ω) is a complex, frequency-dependent dielectric function of
the metal spherical nanoparticle, and ε2 is the relative permittivity of
the ambient phase. Interestingly, this function has a resonance at fre-
quency Re(ε1) = -2ε2. As a result, excitation of the surface plasmon,
localized on the metallic sphere, considerably increases the local filed
exposed on the adsorbed molecule via the antenna effect. This model
suitably describes the most of the experimental observations. Similar
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approach can be applied also on nanomaterials of various morphol-
ogy or shape. The selection of the material used for the SERS sub-
strate depends strongly on its plasmonic properties. Noble metals
are used frequently due to the fact that their resonance conditions is
satisfied at the visible wavelengths of excitation radiation, commonly
used in Raman spectroscopy. Other metals can be possibly applied
similarly. However, due to a different localization of the resonance,
excitation radiation will have to be shifted adequately. The difference
between frequency of incident and scattered radiations leads to an
important fact: both fields can be nearly resonant with the surface
plasmon only for small frequency shifts. This consecutively leads to
the decrease of the intensity observed for higher-frequency vibration
bands. The surface plasmon is excited by the incident radiation or
the Raman field; never both. The decrease of the enhancement can be
described by the equation (9):

G = [r/(r+ d)]12 (9)

This equation is applicable for spherical nanoparticles with a diame-
ter r, where the distance of the molecule from the surface is given by
d. The effect is even lower for a molecular monolayer. Above men-
tioned equation 9 indicates the longer effects of the enhancements for
nanomaterials with larger radius. The amplification of the Raman
signal due to the chemical mechanism is 10

4 - 10
8

Some studies suggest that the electromagnetic effect in not the only
reason for the large Raman signal enhancement, and that there has
to be a second effect. This effect should operate independently on
the electromagnetic mechanism. Based on its principles, electromag-
netic enhancement should be a non-selective process applied on all
molecules adsorbed on a particular nanomaterial. Interestingly, sig-
nal amplification of carbon monoxide and nitrogen differ more than
200x, measured at same experimental conditions. This result can-
not be interpreted only by the electromagnetic mechanism. However,
this dissonance can be explained by a) resonance Raman mechanism,
where the electronic states of the adsorbed molecules are shifted and
broadened as a result if their interactions with the surface or b) a fact
that new electronic states are created as a result of the chemisorp-
tion. These states further serve as resonant intermediates in Raman
scattering. The chemical mechanism is better described in a work by
Lombardi, where a charge transfer theory of surface enhanced Raman
spectroscopy was introduced. [21]. The theory includes both interac-
tions: adsorbed molecule-metallic nanoparticle, as well as metallic
nanoparticle-adsorbed molecule. The amplification of the Raman sig-
nal due to the chemical mechanism is 10 - 10

2.
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2.2 application of sers in the analysis of biomolecules

Deeper understanding of a role of physiological processes remains
of great importance for a medicinal diagnosis and following thera-
peutic measures. Therefore, analytical procedures, which will allow
fast, target-specific detection of target molecules with ultra-low lim-
its of detection, are required. Next to generally accepted methods,
surface enhanced Raman spectroscopy has gained considerable atten-
tion during the last twenty years. This effect is attributed mainly to
the high sensitivity of Raman spectroscopy gained through a SERS
effect on plasmonic nanostructures, and its high molecular specificity.
SERS is nowadays being applied to analyze various biomolecules, to
characterize their interactions with a surface of metallic nanomate-
rials, to analyze drugs and metabolites in complex clinical samples,
to study cells, bacteria or histological tissues, to study diseases, es-
pecially their effect on a molecular composition of analyzed sam-
ples. In general, two types of analytical approaches are available for
SERS based applications, namely: label-free detection and indirect
approaches based on Raman tags. The selection between label-free
and label based approach relies strongly on the analyzed molecu-
lar target and sample complexity. The label-free approach is usually
favored due to its simplicity. SERS approaches based on tags are
applied in scenarios, where ultra-high sensitivity is needed, analyte
itself has only a limited Raman activity or if the analyte is present in
a very complex matrix, and a requirement for its sensitive analysis
exists. In this approach, analyte, sensor or both are labeled using Ra-
man tags with activity in resonance Raman spectroscopy Molecules Surface enhanced

resonance Raman
spectroscopy is an
excitation laser
wavelength
dependent process,
please see chapter
2.1 for more details.

from a family of Cyanines, Rhodamine-6g, Tamra, ROX, HEX, FAM,
TET or similar compounds are beneficially used. The presence of an-
alyte is then exposed generally by a change in the spectral intensity
of the Raman tag. An increase is observed in cases, where an analyte
or its counterparts such as hybridization probe or antibody were la-
beled. A decrease is characteristic for several approaches including
hairpin DNA-based analysis or aggregation based SERS procedures.
A label-free approach is preferred due to its straightforward princi-
ple. Interaction of the analyte, or set of analytes, with a surface of the
metal nanostructure, are being evaluated instantly in the obtained
SERS spectra. Commonly, nanostructures used in SERS-based appli-
cations, including clinical, biological, and medicinal, contain at least
four segments: 1. substrate composed of noble metallic nanomate-
rial with a suitable SERS activity. Substrates are usually composed
of silver, gold, or copper metals, frequently combined in complex
nanocomposites; nowadays, also non-metallic nanostructures, includ-
ing graphene are being studied, 2. Raman tag, 3. coating with var-
ious polymers, such as polydopamine, silica, polystyrene and other,
to increase a biocompatibility and overall stability, 4. molecular selec-
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tor with a sufficient selectivity to target analytes. The only essential
part is the part one, and all other components are applied optionally,
and beneficially. The biomolecule is usually defined as any molecule
produced by a living system. In the light of chemical composition,
biomolecules are composed mainly of carbon, nitrogen, hydrogen,
sulfur, phosphor, and oxygen. These atoms consecutively form small
biomolecules, which can tend to form larger biopolymers, including
nucleic acids, proteins, oligosaccharides.

2.2.1 Analysis of nucleic acids

Nucleic acids are essential biocomponents and their detection presents
one of the most demanding analytical tasks. Label-free detection of
nucleic acids using surface enhanced Raman spectroscopy usually
employed silver-based nanomaterial, including silver nanoparticles,
layers, and 3D nanostructures.[22–30] Wei and Wu demonstrated a
SERS method for an analysis of Lambda-DNA using silver nanoparti-
cles with an average size of 100nm.[23] Raman spectra were acquired
using a laser operating at 514 nm, and DNA was analyzed at con-
centrations down to 250 ng.mL-1. Wei and Wu also demonstrated
an effect of the DNA concentration of the resulting Raman spectrum,
which was ascribed to different coil states of the nucleic acid. Silver
nanoparticles offer high amplification factors, however, the robust-
ness of the developed methods is lowered by a complication in a re-
producible synthesis of the nanomaterial and unequal conditions dur-
ing sample measurements. Several approaches showing improved
strategies have been presented. Lei et al. introduced a method for an
in-situ preparation of silver nanomaterial through a photo-reduction
of silver ions supported by laser irradiation and demonstrated higher
repeatability of the measured analytical signal and similar amplifica-
tion factors.[31] Furthermore, Gao showed a method for detection of
DNA using silver nanoparticles, where a presence of DNA mediated
their size.[32] The DNA-mediated silver nanoparticle growth led to a
significant decrease of the limit of detection (down to 10

-10 Mol.L-1),
compared to similar approaches. Girel presented a novel nanoma-
terial for DNA analysis, based on silvered porous silicon, prepared
by an electrochemical anodic etching of highly doped n-type silicon
wafer.[29] Their method allowed analyzing DNA at limits of detec-
tion down to 1 mg.mL-1. However, reproducibility of measurements
was still at levels comparable to more classical approaches utilizing
silver nanoparticles.
A typical Raman spectrum of samples containing DNA and proteins
is shown in the figure 2. The DNA spectrum contains spectral bands
characteristic for particular bases (labeled using one letter symbols),
and the phosphate backbone (labeled as bb). Figure 2 c, and d, con-
tains also bands characteristic for proteins, which will be more dis-
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cussed in the following chapter. New approaches towards a DNA

Figure 2: Raman spectra of 68 kDa DNA (a, b) and together with proteins
(c,d).This figure was obtained from Fleury et al.[33]

detection employs noble metal-free substrates. Illustrative examples
are methods based on carbon-based nanomaterials[34], aluminum
nanocrystals[35]. Tian introduces a method based on aluminum with
sizes in the range 2-4 nm with a thin oxide surface layer.[35] The pur-
pose of the oxide layer, previously used in Raman spectroscopy la-
beled as "shell-isolated nanoparticle-enhanced Raman spectroscopy;
Shiners", lies in its ability to bind various organic molecules and con-
sequently improve their limits of detection.[36]. Eventhou the rela-
tively lower amplification factors of Al nanoparticles, compared to
silver or gold (10

5 vs 10
7), the limit of detection was determined to

2 micromoles of DNA. Example of a method for analysis of DNA,
based on carbon nanotubes, particularly single-walled carbon nan-
otubes with Cu nanoparticles (SWCNTCuNPs) is described in the
method by Zhou.[34] Zhou applied the method on the analysis of
ctDNA in cancer tissues and blood with limits of detection 0.3 fmol.

2.2.2 Analysis of proteins

Analysis of proteins using SERS presents one of the most critical tasks.
Changes in concentration levels and structure of many proteins can
be caused by genetic alterations and can indicate a presence of a dis-
ease. Precise knowledge of these two parameters is thus essential
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not only in medicinal diagnosis but can be extremely helpful in the
monitoring of the follow-up treatment. Next, to immunochemical ap-
proaches, where ELIZA and RIA dominate[37], analysis of proteins
is also performed using Mass spectrometry, commonly hyphenated
with liquid chromatography[38, 39], electrophoresis in all its variants,
as mentioned, e.g., by Chetwynd[40], Dawod[41] or Rubin[42], or
even gas chromatography [43], and other techniques. The position of
molecular spectroscopy within the spectrum of the commonly used
techniques gained on importance over the last twenty years. This
trend can be assigned to the rapid development of SERS and Raman
imaging, which opened utterly new options. This trend will poten-
tially continue and will drive a need for the quantitative interpreta-
tion of protein spectra.

Figure 3: A typical Raman spectrum of proteins, obtained by the analysis
of human serum protein. this figure was obtained from Tuma et
al.[44]

Because proteins are often large polypeptides, consisting of hundreds
of amino acids, their Raman spectra contain a complex set of over-
lapping bands. Nonetheless, structural features, including aromatic
amino acids and polypeptide chain usually present firm dominant
peaks. Illustrative protein Raman spectrum is shown in the figure
3. The sharp spectral band located at 1656 cm-1 is labeled as Amide
I and corresponds to the sum of coupled modes of the polypeptide
backbone. The significant contribution towards its intensity comes
from C=O stretching of the peptide carbonyl groups. The spectral
band presented at 1242 cm-1 is another example of prominent bands.
The band comes from C-N stretching and N-H bending vibrations.
Importantly, the position of the band strongly depends on the pro-
tein secondary and tertiary structure, and on the interactions between
peptide groups due to an ability of carbonyl groups act as acceptors
of hydrogen bonds within the ordered structure.
The application potential of SERS-based methods will be demonstrated

16



on several examples. Bizzari et al. described a method for the analy-
sis of thrombin using surface functionalized gold nanoparticles able
to recognize the aromatic moiety of the target protein selectively.[45]
The limits of detection were in subpicomolar. Fabris et al. demon- Thrombin

(coagulation factor
IIa.) is a serine
endopeptidase that
hydrolyzes peptide
and ester bonds at
the carboxylic side of
Arginine.

strated an improved selectivity of SERS methods in a protein anal-
ysis on silver nanoparticles functionalized using aptamers.[46] Their
method allowed to selectively analyze thrombin in a heterogenic pro-
tein mixture with a limit of detection 100 pmol.L-1. The limit of
detection was further considerably decreased by Heck, who pub-
lished a method for synthesis of silver nano lenses composed of silver
nanoparticles bonded using DNA-origami.[47] A single molecule of
streptavidin was anchored on the interface on the synthesized nanos-
tructure, where the signal amplification is highest, and the molecule
was successfully detected by SERS. Many attempts have been ren-
dered to improve the plasmonic properties of applied nanomaterials
to achieve lower limits of detection, increase the method selectivity
or overall robustness. These attempts can be according to their inter-
ests divided into three groups: i) tuning of the nanoparticle shape ii)
composition of the nanomaterial and formation of hybrids/nanocom-
posites and iii) functionalization of the nanomaterial, particularly on
surface. Importantly, many applications are base on nanosensors
with functional improvements involving more than one approach.
Nowadays, the "sandwich methodology" is usually employed in the
analysis of proteins using SERS, analogically as described in classi-
cal immunochemical approaches. However, the signal is provided by
Raman labels from the list as mentioned above. The approach was
successfully applied in numerous SERS-based methods, including di-
agnosis of immunodeficiency [48], prostate cancer [49–51], breast can-
cer[52–55], Zika[56, 57], or even doping control[58].

2.2.3 Analysis of cells

Importantly, an appearance of the Raman signal of selected protein(s)
or nucleic acids (usually miRNA is being utilized for this purpose),
in the analyzed sample can also indicate a presence of particular bac-
teria. Importantly, there exist many SERS methods for detection of
bacterial infection, which are based on this presumption. Jarvis et al.
demonstrated, in one of the first applications of SERS, a discrimina-
tion of bacteria using silver nanoparticles in 2004.[59] The discrimi-
nation was based on discriminant function analysis and hierarchical
cluster analysis of Raman spectra obtained by the analysis of bac-
terial samples. Similar data was used by Harz et al., who studied
a role of experimental conditions of the cell cultivation on the re-
sulting Raman spectra.[60] This study was followed by Zeiri, who
described a role of laser wavelength and chemical protocols used to
prepare gold and silver nanoparticles.[61] Later in 2007, Naja demon-
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strated a method for analysis of bacteria based on surface-anchored
polyclonal antibodies.[62] The method development can be divided
into several pathways according to their partially overlapping aims.
These usually include at least: i) multiplexing, ii) automatization iii)
lower limits of detection iv) detection of particular targets such as
diagnosis of specific disease, and detection of a selected contamina-
tion. One of the first approaches towards method automatization was
demonstrated by Knauer et al. in 2010.[63] Their work aimed at the
detection of bacterial cells using lab on chip devices. Kang’s study
from 2010, named "Patterned Multiplex Pathogen DNA Detection by
Au Particle-on-Wire SERS Sensor," opened a door to a multiplexed
analysis of bacteria with possible application in medicinal diagno-
sis.[64] Since then, many works on analysis of bacteria using SERS
have been described. Yang et al., have recently described a method
for the detection of bacterial infections, namely Escherichia Colli and
using Ag@TiO2 nanofibers with the lowest detection limit near to 10

-9

mol.L-1. Similarly, Zhang demonstrated a work for discrimination of
Escherichia coli Dh5 and DE3. The work is based on the utilization
of plasmonic Ag cylindrical networks. Interesting application has
been proposed by Catala et al.[65], who developed an aptamer-based
method for a detection of Staphylococcus aureus in human fluids us-
ing a microfluidic device.
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2. Ranc, V. et al. Quantification of purine basis in their mixtures at femto-
molar concentration levels using FT-SERS. JOURNAL OF RAMAN
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More information can be found in the Appendix, section A.
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3.1 re-crystallization of silver nanoparticles in a highly

concentrated nacl environment - a new substrate

for surface enhanced ir-visible raman spectroscopy

One of the first steps to a successful development of SERS based
methodology is a successful synthesis of a SERS-active substrate. Key
parameters influencing the resulting Raman signal amplification in-
clude the size of used nanoparticles, their composition, and morphol-
ogy. Two of the most common materials are silver and gold with their
own advantages and disadvantages. Commonly used approaches to-
wards a bottom-up synthesis of silver nanoparticles from the silver
nitrate lead to nanomaterials with sizes ranging from few to tens of
nanometers and respective surface plasmons in the range from 300

to 500 nm. These values do not represent an optimal situation, espe-
cially in light of commonly used excitation lasers. There is, therefore,
a great demand for new approaches applicable in a synthesis or acti-
vation of as-synthesized nanomaterials for use with lasers of higher
wavelengths. The activation of silver nanoparticles commonly con-
tains an addition of chloride ions, which leads to the aggregation of
particles into bigger clusters with considerably shifted frequencies of
their surface plasmons towards higher wavelengths. The final concen-
tration of sodium chloride in the final step ranges from 0.1 - 10 mM.

Here we have developed new activation method based on the ad-

Figure 4: TEM images taken 15 min after the addition of the 4 M NaCl so-
lution exhibiting recrystallized Ag particles with various morphol-
ogy.[66]

dition of highly concentrated NaCl solutions with a final concentra-
tion of NaCl of 400 mM. The addition of such highly concentrated
solutions leads to a re-crystallization of present silver nanoparticles
to bigger crystals with sizes up to 400 nm. The effect was also com-
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pared with the addition of NaBr and NaI at same concentration levels.
However there was no re-crystallization observed for these two ions.
The primary silver nanoparticles were synthesized by a reduction of
the [Ag(NH3)2]+ complex cation by maltose, as previously described
by Panacek.[67] Silver NPs obtained in this way are nearly monodis-
persed with an average particle size of 28 nm (determined by the
DLS and electron microscopy). The as-prepared nanoparticles were
subjected to the activation, directly monitored using TEM, DLS, and
UV/Vis. The figure 4 A-C shows various morphological classes of
Ag crystals formed fifteen minutes after the initialization of the acti-
vation process using 4M NaCl. Figure 4 D and F shows particles of
similar morphology found in a non-activated as-prepared nanomate-
rial. The measurement of a dynamic light scattering was performed

A

B

C

D

E

Figure 5: A-B: Time dependence of average size of obtained silver nanoparti-
cles (A) and the respective UV-Vis absorption spectra (B) acquired
in the first 20 min after the addition of the NaCl solution (the
final concentration of 400 mM). C-E: Raman spectra of adenine
measured using the developed activation procedure (C), with as-
prepared Ag nanoparticles (B) and without SERS (E).[66]

twelve times in order to acquire enough data for a following statis-
tical evaluation. Measured data are plotted in the figure 5 A, where
error bars represent standard deviations calculated from the repeated
experiments. It can be seen that the size increased to 200 nm almost
immediately after the addition of 4M NaCl to the colloid and then
increased gradually up to 400 nm during the first 20 minutes. Simi-
lar results were obtained from the measurements of UV/Vis spectra,
plotted in the figure 5B. It can be seen that the initial absorption max-
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imum for untreated Ag colloid (size 28 nm) was present at 410 nm.
The addition of sodium chloride led to a rapid shift of the band to-
wards higher wavelengths, which can be assigned to a crystal growth.
The absorption maximum shifted to 680 nm approximately 3 min-
utes after the addition of NaCl, and its intensity attenuated in the
next following minutes. This phenomenon is characteristic for Ag
nanocrystals with sizes over 200 nm. Application potential of this
activation process was evaluated on a detection of adenine using sur-
face enhanced Raman spectroscopy. Resulting spectra are shown in
the figure 5. Spectrum A presents Raman signal of adenine acquired
using the developed activation procedure. Spectrum B was obtained
by the analysis of adenine (c = 5 µmol.L-1) using as-prepared silver
nanoparticles with a size of 28 nm. Trace C represents a Raman spec-
trum of adenine (c = 0.1M) measured without SERS. It can be seen
that 28 nm Ag nanoparticles do not amplify the Raman signal and am-
plification factor obtained by the developed activation is in hundreds
of thousands (calculated according to the methodology described by
Le Ru.[68]

Flowing can be stated in order to summarize this chapter. Here devel-
oped approach leads to a re-crystallization of present silver nanopar-
ticles into nanocrystals with longitudinal sizes up to 400 nm. The
combination of the size and crystal morphology induces a forma-
tion of the surface plasmon with properties applicable in SERS on
instruments equipped not only with lasers operating at blue or green
wavelengths but also near-IR lasers. This property thus opens new
possibilities for SERS in this spectral area.

23



3.2 quantification of purine basis in their mixtures at

femtomolar concentration levels using ft-sers

Purine nucleotides are frequently involved in many cellular functions
not only as essential components of nucleic acids, including DNA
and RNA, but also as sources of energy, enzyme co-factors in many
metabolic pathways, and as components of signal transduction. Al-
teration of their physiological levels is related to many severe dis-
eases, such as Lesch–Nyhan syndrome and adenosine deaminase de-
ficiency. [69] The Lesch-Nyhan syndrome is a relatively rare mono-
genic disorder transmitted in the X-linked recessive fashion, causing
a high risk of developing gout due to the overproduction of uric acid.
All patients are logically male, suffering from a delayed growth and
puberty, and some of them develop also shrunken testicles or tes-
ticular atrophy. Precise and accurate monitoring of purine basis in
clinical samples thus presents an important task, usually performed
using chromatographic or electrophoretic approaches.[70, 71] How-
ever, Raman spectroscopy, especially in its modality, labeled as sur-
face enhanced Raman spectroscopy, could present an interesting al-
ternative with considerable benefits in shorter analytical runs, lower
limits of detection or simplicity of developed methodologies. The
utilization of surface enhanced Raman spectroscopy could in this par-
ticular case allow to achieve ultra-low limits of detection, due to a
nitrogen-containing structure of analytes. It is worth mentioning that
the majority of SERS applications uses silver or gold nanoparticles or
their nanocomposites as a substrate; however, only a small portion
of works describes the influence of particle size, sample pH or of the
reduction agent on the method performance.
First, Raman spectra of particular bases were measured using 28 nm
silver nanoparticles, synthesized by a reduction of the silver contain-
ing amino complex by maltose. Obtained spectral data, shown in
the figure 6A indicate several considerable differences, also in the re-
gion of the most intense bands, assignable to a C=N vibration mode
in the purine ring (630-730 cm-1). The band is located at 735 cm-1

for adenine, 730 cm-1 for hypoxanthine and 660 cm-1 for xanthine,
respectively. These differences were later used for a differentiation
of purines and their quantification in mixtures. However, more in-
detail study of experimental parameters had been performed before
the method was developed. First, the influence of a size of nanoparti-
cles on obtained amplification factors was evaluated. Three types of
reduction agents, namely maltose, glucose, and sodium citrate were
employed and three sizes of the particles were prepared and tested
in SERS. As a reference, galactose was applied, however, its use pro-
vided extremely low SERS signals and it has not been thus further
studied. Reduction of the silver ions by maltose led to spherical
nanoparticles with an average size of 28 nm, reduction by a sodium
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citrate led to spherical nanoparticles with an average size of 58 nm,
and finally, application of glucose led to spherical particles with an
average size 44 nm. The highest SERS amplification factors were ob-
served in experiments, where glucose was used as a reduction agent,
as shown in the figure 6B. Application of glucose led to 225 % increase
of the signal intensity compared to maltose, and 152 % compared to
citrate. In the next step, effect of the sample pH was studied. Samples
containing adenine, with a pH adjusted to 3, 7, and 10 were prepared
and measured. Figure 6C shows that acidic sample provided spec-
tral signals with the lowest intensity, compared to neutral and basic
samples. This phenomenon is among other factors given by the pK
values of the purine bases and zeta potential on the silver nanopar-
ticles, which influence the interaction between surface of the silver
nanoparticles and analytes.
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Figure 6: A:SERS spectra of adenine, hypoxanthine and xanthine measured
at the concentration level 1x10

–13 mol.L-1, B: SERS spectra of ade-
nine measured using nanoparticles prepared by a reduction of sil-
ver nitrate using various reduction agents, as shown in the fig-
ure.[72]

25



Next, calibration experiments were performed under experimental
conditions tuned in the previous step, namely using silver nanoparti-
cles prepared by a reduction of silver containing amino complex us-
ing glucose. Eight-point calibration curves in the range from 1x10

-15

to 1x10
-11 mol.L-1 were prepared and measured for each purine base.

Data processing led to coefficients of determination, ranging from
0.92 for hypoxanthine to 0.99 for adenine. Limits of detection (LODs)
were calculated directly from the spectral data, based on the signal-
noise ratio of the spectral band assigned to C=N vibrations in the
purine ring (spectral range 630 – 740 cm-1).Limit of detection for ade-
nine was determined to 1x10

-15 mol.L-1, for xanthine 2x10
-15 mol.L-1,

and finally for hypoxanthine 1x10
-14 mol.L-1. Consequently, the sta-

bility of nanoparticles was evaluated on the measurement of adenine
using as-prepared nanoparticles for 10 consequent days. It was found
out that the signal of the measured spectra decreases down to 25 % of
its original intensity in this time frame. Similar data were observed
for all three nanomaterials.
The last step of the presented research describes a determination of
the concentration levels of all three purine basis in their mixtures.
Analysis was based on the analogous approaches to ones used in
the calibration model design. Samples containing all three analytes,
present at the selected concentration levels, were measured. There
was also a new calibration model constructed, based on the mixed
samples containing all three targets. The concentration range was
from 1x10

-15 to 1x10
-10 mol.L-1. Spectral markers (bands) were identi-

fied for each target. The selection criteria were based on two require-
ments: first, the selected spectral band has to be unique for a target
compound and second, this band has to be intense enough for quan-
tification purposes at femtomolar concentration levels. For adenine,
band at 735 cm-1 was used, for hypoxanthine, band at 1097 cm-1 was
used and for xanthine, band at 660 cm-1 was selected. Based on these
parameters, calibration curves for each analyte were measured. Cali-
brations were linear in the whole ranges for all three compounds. Fi-
nally, three samples containing 10

-13 mol.L-1 of each target compound
were analyzed. The results were obtained with RSD values < 5 %.

Here, we have developed a new methodology for analysis of purine
bases, namely adenine, xanthine and hypoxanthine, at femtomolar
concentration levels. The approach is based on a combination of sur-
face enhanced Raman spectroscopy and silver nanoparticles prepared
by a reduction of silver containing amino complex by glucose. Several
experimental parameters, including effect of a size of silver nanopar-
ticles, and pH were studied.
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3.3 reproducible discrimination between gram-positive

and gram-negative bacteria using surface enhanced

raman spectroscopy with infrared excitation

Fast and reliable detection of bacteria strains during an ongoing bac-
terial infection presents the first step necessary for its following treat-
ment. Generally applied methods frequently include overnight culti-
vation (time-consuming), appropriate reagents (often expensive), and
the plans are usually complex and require extended and specialized
training (expensive, need for human resources). It is thus necessary
to develop new, fast and straightforward approaches utilizable in re-
liable detection of bacteria. Molecular spectroscopy, particularly Ra-
man microscopy, presents an interesting alternative to generally ap-
plied methodologies. One of the most imitating drawbacks of Ra-
man spectroscopy originates from its low sensitivity. This limitation
was considerably overcome by a discovery of surface enhanced Ra-
man scattering (SERS). This effect lowers reachable limits of detec-
tion down to a single molecule analysis through a resonant electro-
magnetic field amplification.[47, 73] Implementation of SERS to the
method development allowed a broadening of the Raman application
potential into the analysis of microorganisms.[59, 61, 65, 74–76] Inter-
estingly, The most of the works describing utilization of Raman mi-
croscopy in a detection of bacteria uses excitation lasers operating in
the UV/VIS range, namely from 240 to 850 nm. However, utilization
of excitation lasers with lower frequencies can be advantageous espe-
cially due to the lowered probability of a background fluorescence; it
is often present, when green excitation lasers are used.
We have demonstrated application potential of the newly developed
approach for a SERS detection of nucleic bases and adenine in the pre-
vious two works. The approach is based on the utilization of silver
nanoparticles with the mean size of 28 nm and narrow distribution,
with a stability better than two years and applicability in both, visi-
ble and near IR region of laser excitation wavelengths. The activation
procedure, including the addition of a high amount of sodium chlo-
ride (total concentration 400 mmol.L-1) leads to a re-crystallization
of the nanoparticles to crystallites with sizes up to 400 nm. Process
was evaluated using UV/Vis spectroscopy and can be observed from
the resulting spectra shown on the figure 7A, where the addition of
sodium chloride leads to a decrease of the absorption band present
at 400 nm and formation of new broad bands at higher wavelengths
above 600 nm. Here, the recrystallized particles, together with NIR
excitation, were employed for a SERS study with the aim to discrim-
inate between Gram-positive (Enterococcus faecalis and Streptococcus
pyogenes) and Gram-negative (Acinetobacter baumannii and Klebsiella
pneumoniae) bacterial lysates. First, SERS spectra of all four bacteria
were measured, processed and evaluated. The signal processing con-
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Figure 7: A: The time dependence of UV/Vis absorption spectra recorded
over Fifteen minutes after the addition of sodium chloride solu-
tion to an Ag nanoparticles dispersion (final concentration of chlo-
rides equal to 400 mM). B: Representative SERS spectra of bacterial
lysates: (A) Enterococcus faecalis, CCM 4224, (B) Streptococcus pyo-
genes, (C) Acinetobacter baumannii, and (BD) Klebsiella pneumoniae.
C: Cluster analysis of given Gram-positive and Gram-negative Bac-
teria. A stand for Enterococcus faecalis, CCM 4224, B for Streptococ-
cus pyogenes, C for Acinetobacter baumannii and finally D for Kleb-
siella pneumoniae. N = 5, statistically outlying points were removed
from the respective spectral data. [77]

sisted of the background corrections and data smoothing. The signal
background was corrected by a subtraction of the previously fitted
3rd order polynomial functions, which were identified as a source
of the signal bias, according to a methodology previously described
e.g. by Schulze [78]. Data smoothing was processed using Sawitzky-
Golay algorithms as proposed e.g. by Hui [79]. The obtained spectra
can be seen on the 7B. SERS spectra contain bands of proteins, in-
cluding Amide I (@1650cm-1, section A), Amide II (@1550 cm-1, all
spectra), bands of phenylalanine (@1004 cm-1, all spectra) or peptido-
glycans. Importantly, peptidoglycans represent approximately 80 %
of the dry mass of Gram-positive bacteria and around 20 % of the dry
mass of Gram-negative bacteria. This could thus represent the stage,
where above mentioned genera differ significantly, and can be possi-
bly differentiated. Based on this hypothesis, the measured spectral
data were subjected to a cluster analysis (performed in the R statisti-
cal environment, using Ward’s cluster method), where Gram-positive
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and Gram negative cultures were evaluated. Figure 7C shows the
results of this analysis, and the Gram-positive bacteria, Enterococcus
faecalis and Streptococcus pyogenes form two separate clusters (A and B,
respectively). Gram-negative bacteria, C: Acinetobacter baumannii and
D: Klebsiella pneumoniae form also two clusters, noticeably separated
from the Gram-positive bacteria.

Here we have demonstrated an application of previously developed
methodology for the SERS substrate based on re-crystalized silver
nanoparticles in a discrimination of Gram-positive and Gram-negative
bacteria. The approach is based on a statistical analysis of the mea-
sured SERS spectra in the R statistical environment and allows dis-
criminating between bacteria within few minutes. Compared to a
more classical immunochemical approaches, which require enough
time for staining, here developed methodology presents an interest-
ing alternative.
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3.4 discrimination of circulating tumor cells of breast

cancer and colorectal cancer from normal human

mononuclear cells using raman spectroscopy

Cancer is one of the most killing diseases, and a development of
methodologies able to diagnose it at its early stage is crucial. Circulat-
ing tumor cells present a potential diagnostic marker; their analysis
enables an interesting prognosis and diagnostic choices complemen-
tary to generally used diagnostic techniques. Based on its importance,
the analysis of cells is a scientific aim of many research and clinical
institutes. However, it still presents a considerable challenge worth
to pursuit, particularly due to a small incidence of the cells in clinical
samples (usually units per milliliter), and their similarities to healthy
epithelial cells. Here we used Raman microscopy to improve current
possibilities in the study of circulating tumor cells and their further
differentiation. One of important aspects of the cell Raman imaging is
immobilization of the sample (cells) on a suitable substrate, including
calcium fluoride, silicon wafer, glass, etc. Many protocols have been
described already; however, there is no evidence describing a suitabil-
ity of one over another regarding the analysis of circulating tumor
cells. We have thus focused our attention on the study of three, the
most frequently used, fixating protocol on the ability of spectral anal-
ysis, performed on the measured data, to discriminate between cancer
and healthy cells. Namely, breast (BT 549) and colorectal (HCT116)
circulating tumor cell lines and human mononuclear cells were pre-
pared using methanol, paraformaldehyde, and drying-out fixating
protocols, and obtained data were studied and evaluated in the light
of the method ability to discriminate between the different cell lines.
Firstly, representative Raman spectra of the cells were measured. Breast
cancer cells (BT 549), colorectal circulating tumor cells (HCT 116), and
human mononuclear cells (PBMC) were prepared using a cytospin-
ning technique with 40.000 cells per one sample of the size of 1 x 1

mm using three fixating protocols, namely: drying out (label: dried),
methanol (label: methanol) and paraformaldehyde (label: para). The
representative spectra are shown in the figure 8A - C. Various dif-
ferences in a surface composition of the measured cells, caused by a
distorted protein expressions between healthy and cancer cells, and
between different types of cancers, are projected into considerable
differences in the obtained spectral data. Figure 8A shows measured
variations in the spectral data obtained on BT 549 cells prepared using
different fixating protocols. The observed considerable effect is origi-
nated from the ability of methanol or paraformaldehyde to selectively
remove some compounds, based on their hydrophobicity, including
proteins or lipids, from the cell walls. The effects of the various fixa-
tion protocols on the Raman imaging of cell lines were studied also
by Hobro [80], Read [81], Kuzmin [82], Konorov [83], and others [84,
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85] - similar effects were observed and discussed. More details about
a cell analysis can be found in the section 2.2.3.
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Figure 8: A - C: Spectral characterization of the cell lines acquired on sam-
ples with three different protocols of fixation, including dried out
samples, methanol, and paraformaldehyde fixation; D: Graphical
expression of the principal component analysis of data obtained
by evaluation of dried out samples. Cells of the same cell line
are centered in respective clusters, where the distance between the
clusters represents the level of discrimination (Mahalanobis dis-
tance).[86]

However, due to a high complementarity of the measured data,
summed up spectral data, belonging to all three tested protocols, of-
fer a more complete picture illustrating a chemical composition of
the measured surfaces. It can be seen that all data contain spectral
bands at comparable positions, but of different intensities. The use of
methanol and paraformaldehyde logically increases bands assigned
to membrane proteins found at the following wavelengths: Amide I
(1655 cm-1) Amide II (1586 cm-1 and 1559 cm-1), protein band (1441

cm-1) as well as PO2- vibration, located at (1244 cm-1). Band of car-
bohydrates at 1171 cm-1 and glycogen at 1014 cm-1 can be also found
among the strong spectral bands. Similar data were obtained also for
the colorectal circulating tumor cells (HCT 115, figure 8B), and hu-
man normal mononuclear cells (PBMC, figure 8C). In the next stage,
differences between all three tested samples were statistically eval-
uated using principal component analysis (PCA, calculated using R

31



statistical environment), performed on all measured data. The results
of this analysis are shown in the Figure 8D for the drying out sam-
ple fixation method. Data obtained from dried out samples indicate
that the method has the potential to differentiate among cancer cell
lines and normal human lymphocytes (PBMC) as well as differentiat-
ing the HCT 116 and BT 549 cell lines. Experimental data points are
concentrated in clusters with a considerable distance between them.
BT 549 is represented by a relatively large data cluster, compared to
mononuclear cells (PBMC) and HCT 116 cells. Mononclear cells were
separated too, but with a smaller Mahalanobis distance from the HCT
116 cells, given by their surface similarities.

Here, we have demonstrated the crucial effect of the applied fixa-
tion protocol on the measured Raman spectra of circulating tumor
cells, namely breast cancer (BT 549) and colorectal cancer (HCT 116),
and human monomuclear cells (PBMC). Fixation using a drying out
based process, and methanol and paraformaldehyde based protocols
were compared and discussed. Achieved results indicate that all three
evaluated cell lines can be discriminated at a significant statistical
level using principal component analysis performed on previously
normalized data. Here presented results open new possibilities to-
wards a development of methodologies with future applicability in a
detection of circulating tumor cells in clinical samples using Raman
spectroscopy.
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3.5 magnetically assisted surface-enhanced raman scat-
tering selective determination of dopamine in an

artificial cerebrospinal fluid and a mouse stria-
tum using fe3 o4 /ag nanocomposite

Dopamine is a neurotransmitter, which works as a key modulator of
learning and motivation. This dual functionality presents an impor-
tant scientific question: how can target cells distinguish between a
signal to learn, and a signal to move? [87] Generally echoed hypothe-
sis involves slow and fast dopamine fluctuations; some studies shown
that the signal can be transmitted in sub-second time scales.[88, 89]
There is thus a considerable need for a rapid and accurate analyti-
cal methodologies able to determinate dopamine levels in the brain.
Next to electrochemical approaches[90], with their own critical disad-
vantages, micro-dialysis with a mass spectrometric detection plays a
crucial role.[91, 92]
However, there are two judgmental points worth addressing to get
a more precise monitoring of dopamine levels over the signal trans-
mission. These related key points are the time scale of the concentra-
tion change, which needs to be achieved, and ultra-low concentration
of dopamine in cerebrospinal fluid. Even more, the increase of the
sample volume, and thus absolute amount of extracted dopamine,
leads to a worsening of the time resolution. Surface enhanced Raman
spectroscopy is, due to its low limits of detection, an interesting al-
ternative to mass spectrometry or electrochemistry. Needed sample
volume is in units of micro-liters and achieved limits of detection are
frequently in nanomolar concentration ranges. However, lowered se-
lectivity of the SERS-based methods, caused by the non-existence of
a selective binding of the analyte, which is in this case driven only by
the affinity of particulate compounds to silver or gold nanoparticles,
limits the method potential in many applications. Surface function-
alization is one of the generally applied approaches towards a better
selectivity of SERS. The scientific challenge could be then recognized
in the development of a suitable methodology, which will allow to
separate the formed system nanoparticle-analyte from the rest of the
sample. One of the methods can be based on nanocomposite contain-
ing magnetic and silver nanoparticles, functionalized by a working
selector, which can be separated from the sample by a use of external
magnetic force.

The concept of this work is based on Fe3O4@Ag nanocomposite, where
silver and magnetite nanoparticles are bind covalently with a help of
a linker - carboxymethyl chitosan (CMC). The selectivity to dopamine
is achieved through a surface functionalzation of the nanocomposite
with a low molecular selector, Fe-NTA (iron-nitrilotriacetic acid). The
first step of the method development included Raman characteriza-

33



tion of the nanomaterial, together with a trial of the method poten-
tial to detect dopamine. Raman spectrum of the synthesized sen-
sor (Fe3O4@Ag@Fe-NTA) present in the aqueous environment can be
seen in the figure 9C, label "Blank." It is shown that the initial sensor
produces only a low Raman signal with several spectral bands in the
region from 500 to 1800 cm-1, assignable to a part of the CMC-Fe-NTA
complex (700 cm-1) and its heat-initiated degradation products (1390

- 1650 cm-1) Next, the influence of the artificial cerebrospinal fluid on
the sensor behavior was studied. The synthesized nanosensor was
magnetically separated from the aqueous dispersion and put into a
prepared artificial cerebrospinal fluid (aCSF). The obtained Raman
spectra showed a mild suppression of the signal of Fe-NTA, which
was contemplated due to the high salinity of the new environment
and consequently, affected polarity of the present CMC-Fe-NTA com-
plex. Importantly, spectra of aCSF containing 50, and 500 fmol.L-1

concentrations of dopamine show strong signals. Spectra were com-
pared with previously measured Raman spectra of the one mol.L-1

aqueous solution of domanine and available literature [93], and fi-
nally assigned to this compound.
Next, calibration samples with dopamine in the concentration range
from 10 - 5000 fmol.L-1 were measured and evaluated. The achieved
coefficient of determination was 0.99, and calculated limit of detection
(evaluation of the band at 1046 cm-1, based on the IUPAC methodol-
ogy) was 4.99 fmol.L-1 In order to further evaluate the method param-
eters, two model samples containing 50 and 500 fmol.L-1 dopamine
were used in the study of intra-day and inter-day errors of mea-
surements. Both relative standard deviations were lower than 25 %
(21, and 25 %, respectively), which is comparable to values usually
achieved by broadly used analytical techniques, including mass spec-
trometry and electrochemistry. Finally, three real samples of a mice
striatum were measured. The dopamine was determined using a stan-
dard addition method to minimize the influence of matrix effects and
sample inhomogeneities. Measured spectra are shown in the figure
9D and E. Dopamine was determined using the intensity of spectral
band present are 1046 cm-1. All measured values were compared to
data obtained using HPLC, and the differences between measured
values are < 20% (RSD).
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Figure 9: (A) Schematic representation of selective dopamine binding on
the Fe2O3@Ag@Fe-NTA nanocomposite. (B) General scheme of
the analysis. (C) SERS spectra of dopamine analyzed in artifi-
cial cerebrospinal fluid (aCSF) at a concentration level of 50 and
500 fmol·L -1. The spectra of control and blank samples are in-
cluded for better transparency. The control sample was measured
with m@cmCH@Ag@Fe-NTA and aCSF, the blank sample only
with m@cmCH@Ag@Fe-NTA nanocomposite. (D) SERS spectra
of dopamine analyzed in mice striatum. The panel displays analy-
sis of dopamine at a concentration level of 50 fmol.L-1 and analysis
of control and blank samples for a better transparency. (E) Raman
spectrum focused on the band at 1046 cm-1(selected as a dopamine
marker) before and after two additions of dopamine standard.[94]

The developed methodology based on the combination of the sur-
face functionalized Fe3O4@Ag nanocomposite, and magnetically as-
sisted surface enhanced Raman spectroscopy allows to determine an
important neurotransmitter, dopamine, at ultra low concentration lev-
els (LOD = 5 fmol.L-1) both, in artificial cerebrospinal fluid, and di-
rectly in a brain tissue, where the method was tested on mouse stria-
tum. The quantification of dopamine is based on the standard addi-
tion method that allows to minimize effects of the complex matrix.
Obtained results were successfully compared to data achieved using
liquid chromatography hyphenated with mass spectrometry.
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3.6 magnetically-assisted surface enhanced raman spec-
troscopy (ma-sers) for label-free determination of

human immunoglobulin g (igg) in blood using fe3 o4 @ag

nanocomposite

Immunoglobulins are produced as a response to immunogens by
B-Cells, and are the most abundant proteins in the blood. It has
been demonstrated that immunoglobulins play a key role in defen-
sive mechanisms against viruses or bacteria. Five classes, namely A,
G, M, E and D, with various specific functions were described. [95]
Importantly, Immunoglobulin G (IgG) is the most common type of
antibody, and its protection is based on a "remembering" to which
bacteria/viruses the organism was exposed before. The physiologi-
cal level of IgG in the blood is from 7 - 15 g.L-1. Symptoms of the IgG
deficiency include sinus infections and other respiratory , digestive
tract, and ear infections, pneumonia, bronchitis, and others. The lev-
els of IgG can be tested in saliva, cerebrospinal fluid; however, blood
test is the most common procedure. The classic analytical approaches
are immunomethods, such as enzyme-linked immunosorbent assay
(ELISA). [96, 97] Molecular spectroscopy, particularly a previously
described MA-SERS approach, could be an interesting and advanta-
geous alternative. The main expected benefits can be in ultra-low
limits of determination and short times per analytical run.
The first task in the development work-flow (as demonstrated in
the figure 10A) was to synthesize and characterize the nanosensor,
composed of the Fe3O4@Ag nanocomposite, surface functionalized
by streptavidin and consequently, by a biotinylated Anti-IgG. Briefly,
the synthesis contains seven successive steps covering the synthesis of
magnetic nanoparticles, their modification using carboxymethyl chi-
tosan(CMC), reduction of the silver nanoparticles and follow up func-
tionalization by streptavidin, via a formation of amide bonds through
activated carboxyl groups (present on CMC), and finally by the at-
tachment of biotinylated anti-IgG. Each step of the synthesis was
monitored by a measured infrared spectra and ζ-potentials, which
are summarized in the figure 10B. It is shown that the synthesis is
accompanied by the change of values from negative (-46.2 mV) to
positive (0.7 mV). The cause of the alteration is in the suppression of
the originally negative charge of the present pristine silver nanopar-
ticles by positively charred proteins (streptavidin, anti-Igg). The final
nanosenor was also evaluated using transmission electron microscopy
with illustrative results shown on the figure 10C. The silver nanopar-
ticles are represented by a green sphere of a diameter approximately
28 nm, and the Fe3O4 nanoparticles functionalized using CMC are
shown as red spheres with sizes ranging around ten nanometers.

36



A

B

In
te

n
si

ty

Raman shift (cm -1)
500 1,000 1,500

Blank - Ag@Fe3O4

16 μg/mL IgG
Real sample

605 cm-1

1650 cm-1

1539 cm-1

1350 cm-1

D

C

Figure 10: A:General scheme of the analysis, B: Changes of the ζ-potential
measured along the 7-step synthesis of the sensor, C: TEM image
of the synthesized nanosenor, D: Raman spectra obtained by the
analysis of model and real samples.[98]

The purpose of the prepared nanosensor to analyze IgG using SERS
as a detection method was evaluated on the set of experiments, in-
cluding a measurement of blank samples containing only the bare
Fe2O3@Ag nanosenor, and samples containing human IgG present
at various concentration levels. The spectra in the figure 10D show
a higher complexity of the analytical signal, which contain many
spectral bands assignable to particular amino acids in the protein
sequences, and to characteristic amide bands presented in the range
1100 - 1600 cm-1 The quantification of the IgG in the samples can-
not be thus based only on the evaluation of the absolute intensity of
any present spectral bands, and more complex approach was thereby
developed. It was demonstrated that a pattern of the previously de-
scribed protein bands depends upon the concentration of the IgG in
the measured sample as a result of the interaction between IgG and
anti-IgG. The determination of IgG was thus based on the evaluation
of the ratio of spectral bands present at 1539, and 1650 cm-1, previ-
ously normalized to the intensity of a band present at 609 cm-1 (ethy-
lamine) as a reference. This way of calculation allows to minimize the
negative effect of the signal heterogeneity, and allows to measure the
analytical signal with RSD < 5 % for intra-day, and < 15 % for inter-
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day determination of IgG in the model sample. The analysis of IgG in
the human whole blood was performed according to the previously
tuned conditions. The example of the obtained spectra is shown on
the figure 10D (green trace). When compared with the model sample
(blue trace), the spectrum contains additional spectral bands, which
could be originated in non-specific interactions of the nanosenor with
sample constituents; however, these effects do not influence the deter-
mination of the IgG levels, which was performed using the standard
addition method. The RSD of the five consecutive analyses was lower
than 5 %.

Here we have developed a new methodology for a determination of
immunoglobulin G in the human whole blood samples using a finger
prick method. This method is based on a combination of Fe2O3@Ag
nanocomposite, functionalized using streptavidin and biotinylated
anti-IgG, and magnetically assisted surface enhanced Raman spec-
troscopy. The method allows to analyze the IgG from 600 fg.mL-1,
and allows to determine IgG in the whole human blood, where the
sample does not considerably exceed a volume of few microliters.
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3.7 detection of prosthetic joint infection based on

magnetically assisted surface enhanced raman spec-
troscopy

Joint replacement significantly improves a quality of life for many
people each year.[99] Successful surgery helps to relieve pain, and
at least partially restores movement capabilities. These surgeries are
usually performed without complications; however, a considerable
number of them is later accompanied by prosthetic joint infection
(PJI), which require additional treatment.[100] Several sources have
reported an increasing trend in the incidence of PJI, where it in-
creased from 2 % to 2.18 % from 2001 to 2009.[101, 102] Next to the
health-related issues, PJI is also challenging from the economic per-
spective. The overall cost to treat PJI in the US was 266 million USD
in 2009 alone. [102]
The currently used method to diagnose PJI is based on the Koch’s
culturing and consecutive colony counting, which is often expensive,
and involve several difficult steps with many possible errors. Molec-
ular spectroscopy plays in this field only a marginal role, albeit it’s
previously demonstrated advantages. One of the perspective tech-
niques is surface enhanced Raman spectroscopy, particularly its vari-
ant MA-SERS employing magnetic nanocomposite functionalized by
respective antibodies selective to bio markers present on the bacterial
surface of the most common sources of PJI, including staphylococcus
aureus and streptococcus pyogenes.
The presented work is based on a combination of MA-SERS and
magnetic nanobeads with streptavidin anchored on its surface. The
nanomaterial, labeled as MNP@Step, was easily functionalized by bi-
otinylated antibodies against Staphylococcus aureus and Streptococ-
cus pyogenes, as two the most common sources of PJI, and by silver
nanoparticles to provide the amplification of Raman signal through
a SERS effect. The two utilized antibodies were selective to protein
A, characteristic for Staphylococcus Aureus, and group-A streptococci
polysaccharide, characteristic for Streptococcus Pyogenes. The synthe-
sis was evaluated using infrared spectra and ζ-potentials, measured
at each step in analogy with the previous study. The ζ-potential of
bare magnetic nanoparticles was negative (-22.3 mV). The functional-
ization by streptavidin led to the increase towards more positive val-
ues (9.63 mV), and final anchoring of anti-IgA led to a further increase
to 10.4 mV. This considerable increase indicated a successful synthesis
of the sensor. The as-prepared sensor, together with anchored strepta-
vidin and antibodies (anti-IgA), was accordingly characterized using
Raman spectroscopy with results shown in the figure 11A. The black
trace (label: MNP/Ag) represents a Raman spectrum obtained by
a measurement of the bare magnetic MNP/Ag nanocomposite com-
posed of the initial magnetic nanoparticles functionalized using silver
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nanoparticles prepared according to a procedure described in the Sec-
tion 3.1. The Raman signal includes several weak bands at positions
assignable to carboxyl groups incorporating a polymer, presented on
the surface of the nanomaterial. Importantly, the here present spec-
tral bands are not interfering with a signal of magnetic nanomaterial
functionalized by streptavidin (blue trace), and by a biotinylated anti-
IgA (green trace). Both functionalized nanomaterials provide spec-
tra with characteristic protein spectral bands (Amide bands I, II and
III) and signals characteristic for particular amino acids. Despite of
the similarities between the spectra, considerable differences can be
still identified. The here presented detection of bacterial infection
is based on the altered ratio of spectral bands found at 1391, and
1558 cm-1, caused by protein-protein, particularly antibody-antigen,
interactions; visualized by gray lines in the figure 11A. The red trace
in the figure corresponds to a signal obtained by a measurement of
the model sample containing a lysate of staphylococcus aureus (la-
beled as STAU). It can be seen that the ratio of the spectral bands
changed from 13.31 (blank sample - bare sensor) to 0.36. Similar re-
sults we obtained also for streptococcus pyogenes(labeled as STPY),
where the ration changed from 19.71 (blank sample - bare sensor) to
0.48. This clearly indicates an interaction between the lysate, and the
functionalized biosensor. The next step of the method development
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Figure 11: A:SERS spectra obtained by a measurement of model samples
containing STPY and STAU, B: SERS spectra obtained by a mea-
surement of STAU and STPY in the sterile knee joint fluid.[103]

was a study of the sensor performance in real samples, represented
by a sterile knee joint fluid. Obtained results are in a good analogy
with model samples. Resulting spectra are shown in the figure 11B,
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where the alteration of the intensity of spectral bands present at 1391,
and 1558 cm-1 can be observed. The black trace with intense pro-
tein bands corresponds to a bare magnetic nanocomposite function-
alized by streptavidin (MNP@Strep/Ag) Its functionalized modality
with an anchored anti-IgA antibody is represented by a yellow trace,
where a moderate change in the protein band ratio can be already
observed. The spectral differences were further intensified by an in-
troduction of lysates containing STAU and STPY, as shown as green
(STAU) and red (STPY) traces. Next, limits of detection for STPY and
STAU were determined by a lowering of the concentration of par-
ticular lysates in knee joint fluid (described by CFU numbers) until a
point, where a statistically significant change of the protein band ratio
can be still observed. The method gives positive results for concentra-
tions of STAU and STPY from 3 x 10

8 CFU.mL-1 Next, a possibility to
measure both bacteria in a mixture was studied. Samples containing
STAU and STPY in ratios 1:9, and 9:1 were measured; protein band
rations were calculated and further evaluated by a cluster analysis
(Ward’s method). Statistically significant differences were observed,
and it was estimated that the assay is selective for both pathogens, al-
though one is present in a very small amount compared to the other
one. Finally, real samples obtained from four patients (labeled as A,
B, C and D) were measured and statistically evaluated. Similar re-
sults were obtained also in this scenario.

Aspiration of the knee joint fluid is an integral part of the re-operation
due to a possible presence of prosthetic joint infection, and is fre-
quently performed as a standard procedure during a routine check.
The possible infection is usually diagnosed by a performed cultur-
ing test, which is time consuming and could lead to false negative
results. Here we have developed a new procedure based on the mag-
netically assisted surface enhanced Rama spectroscopy utilizing mag-
netic nanocomposite, functionalized by antibodies selective to Staphy-
lococcus Aureus and Streptococcus Pyogenes as two the most frequent
sources of PJI. The method allows to selectively, and simultaneously
detect both bacteria in the real patient’s samples, which is demon-
strated on the measured data. Calculated limit of detection is 3 x 10

8

CFU.mL-1 for both bacteria.
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3.8 label-free determination of prostate specific mem-
brane antigen in human whole blood at nanomolar

levels by magnetically assisted surface enhanced

raman spectroscopy

Prostate cancer (PC) belongs among the most common male malig-
nancy, and represents a second-leading cause of dead among men.[104]
Surgery, chemotherapy, cryosurgery or hormonal therapy are the most
common approaches to therapy. [105] Regarding its diagnosis, many
antigens have been identified, tested and evaluated. One of the most
promising is prostate specific antigen (PSA), which is now commonly
used. However, next to many advantages, many disadvantages, lim-
iting its current use exist. One of the biggest drawbacks of PSA in
the role of the PC marker lies in its limited selectivity, where ele-
vated levels could, next to a PC, indite also benign hyperplasia or
infection.[106] Other antigens are therefore needed. Prostate specific
membrane antigen (PSMA) is one of the potential candidates. PSMA
is a Type 2 trans-membrane glycosylated protein, and belongs to the
group of zinc-dependent exopeptidases. PSMA is considerably over-
expressed in all types of cancerous tissues and its expression is re-
lated to a disease progression.[107]
Its detection methods are based on the utilization of antibodies, ap-
tamers, peptides or prostate-specific small molecules (e.g. N-acetyl-
L-aspartyl-L-glutamate, NAAG). However, there is still a strong need
for a simple, fast and reliable methodology, able to detect PSMA in
complex clinical samples.
The here presented approach is based on the magnetically assisted
surface enhanced Raman spectroscopy utilizing Fe3O4@Anti-GCPII@Ag
nanocomposite according to procedure shown in the figure 12A. The
anti-GCPII compound is a low-molecular-weight GCPII inhibitor used
in this scenario as the iBody. The functionality of the sensor was first
evaluated using surface enhanced Raman spectroscopy on a set of
standard solutions containing PSMA. The obtained SERS spectra are
shown in the figure 12B, where the red trace (label: Blank sample) rep-
resents a spectrum obtained by the analysis of the raw Fe3O4@Anti-
GCPII@Ag nanocomposite, and the green spectrum (label: Standard
of PSMA) stands for the results obtained by the measurement of the
model sample containing 10 ng.L-1 PSMA. The spectrum of the blank
sample contains weak Raman signals assignable to a structure of the
anchored selector. SERS spectrum obtained by the analysis of the
model sample contain strong spectral bands, characteristic for pro-
teins. These vibrations include strong spectral bands present at 678,
728, 955, 1235 (Amide II), 1335, 1450, 1577, 1670 (Amide I), and 1790

cm-1. The here presented approach is based on the evaluation of the
spectral band at 1335 cm-1. The 6-point calibration curve, covering a
concentration range from 5 to 200 ng.mL-1 PSMA was prepared and

42



measured. The resulting data show a good correlation between the
concentration of PSMA and intensity of the above mentioned spec-
tral band with R2=0.985, LOD = 0.48 ng.mL-1 (calculated from the
S/N ratio). Next, the repeatability of the method was evaluated on
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Figure 12: A:preparation of the sensor, general scheme of the analysis; B:
SERS spectra obtained by the analysis of model sample; C: SERS
spectra obtained by the analysis of real samples (whole human
blood).[108]

the set of five measured samples; variability of the intensity of the
three most abundant bands in the spectrum do not exceed seven per-
cent. The method performance was evaluated on a set of real whole
blood samples, obtained from two human volunteers. Representative
SERS spectrum, obtained by the analysis of these samples, is shown
in the figure 12C - green trace. Importantly, spectra obtained by the
measurement of reference (red trace) and blank samples (black trace)
were added for a better description. The similarities between the ref-
erence and real samples indicate a good ability of the sensor to isolate
PSMA from the real samples; only few minor peaks originated from
the non-specific interactions were identified. The up-to now obtained
results indicated a good ability of the methodology to detect PSMA.
Finally, the method ability to quantify concentrations levels of PSMA
in real samples was studied on a framework of the standard addition
approach. The PSMA levels were determined in five real samples
based on three standard additions of PSMA, and the results (1 - 7

ng.mL-1) are in a good agreement with levels previously reported for
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a healthy population.

Here we have developed a new methodology applicable in the anal-
ysis of PSMA in human whole blood samples. The method is based
on magnetically assisted surface enhanced Raman spectroscopy, and
magnetic Fe3O4@anti-GCPII@Ag nanocomposite composed of iron
oxide and silver nanoparticles functionalized using GCPII (PSMA)
inhibitor in the role of the low-molecular-weight selector for PSMA.
Spectral analysis, performed on the Raman spectra of model samples,
uncovered a presence of bands characteristic for proteins, the quan-
titative analysis was based on the Amide band located at 1335 cm-1.
The method is able to detect PSMA at ultra-trace concentrations (LOD
< 500 pg.mL-1) with a signal repeatability seven percent. Further, the
method potential was evaluated on the quantitative analysis of PSMA
in a real samples, where a good agreement with previously reported
values was achieved. The reliability and simplicity of this method
suggest its potential as an advantageous alternative to generally ap-
plied analytical procedures.
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3.9 multiplex competitive analysis of her2 and epcam

cancer markers in whole human blood using fe2 o3 @ag

nanocomposite

Metastatic disease is responsible for more than ninety percent of all
cancer deaths.[109, 110] The key importance of circulating tumor
cells in a formation of metastases has been proposed by Ashworth in
1869.[111] Since then, many studies describing a detection of CTCs,
their treatment or describing their mechanisms of action have been
reported. Nowadays, their identification and molecular characteriza-
tion in cancer patients stays a scientific challenge, which resolution
is a key to unprecedented insights into the metastatic process. The
sample (expressed in 7.5 mL blood) of healthy patients do not con-
tain more than 2 CTCs. On contrary, cancer patients had from 0

to almost 24.000 cells, and 36 % of specimen contain more than 2

CTCs.[112] The number depends on a particular cancer, and high-
est incidences were found in prostate, ovary and breast carcinomas.
However, expeditious progress on this field had been slowed down
until recent times due to a non-existence of suitable analytical meth-
ods able to detect CTCs with an adequate confidence, as the detec-
tion of CTCs can be compared to a proverbial ‘needle in a haystack’.
Recently developed approaches include immnomagnetic separation,
filtration, centrifugation, flow cytometry, nucleic acid based methods,
microfluidics, and others.[113–115] Major, and common problem of
these techniques is their reliability. New and better methods able
to detect CTCs are thus being researched and developed. Surface en-
hanced Raman spectroscopy presents a method with a great potential.
Its ability to detect CTCs has been already demonstrated on interest-
ing methods, however, their limits of detection and selectivity were
still limiting factors for its broader application.[116, 117]
Analysis of cancer markers presents an important task not only in
a diagnosis, but also in a treatment and monitoring of a progres-
sion. Human epidermal growth factor receptor 2 (Her2) is associ-
ated with breast, lung, and ovarian cancer, and is overexpressed in
almost 25 % cases. Epithelial cell adhesion molecule (EpCAM) can
be linked to human adenocarcinomas and squamouscell carcinomas
or also breast, ovarian, and colon carcinomas. Multiplex detection of
these two markers can considerably improve the reliability of follow-
up diagnosis. The here presented method is based on a competitive
approach similar to processes found in immunology. The analyte
(Her2, EpCam) is detected via a decrease of the analytical signal of
the labeled reference standard — which logically provides the high-
est signal, when there is no analyte present in the sample. General
approach of the analysis is shown in the figure 13A. This approach
potentially offers a simultaneous detection of both analytes in a sin-
gle analytical run. First, the as-prepared Fe2O3@anti-EpCAM@Amti-
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Figure 13: A: General scheme of the analysis; B: microscopy images of the
nanosensor, insert shows results of the EDX analysis: yellow -
magnetic Fe2O3 nanoparticles, blue - silver nanoparticles; C: Ra-
man spectra obtained by the analysis of model samples.[118]

Her2 nanosensor was characterized using electron microscopy with
results displayed in the figure 13B. It is shown that spherical silver
nanoparticles (black) have an average diameter of 28 nm, and are
surrounded by a considerably smaller spherical iron oxide nanopar-
ticles. Analogical results were obtained also by a performed ele-
mental analysis (insert B), where silver nanoparticles are shown in
blue color, and iron oxide nanomaterial is shown in red/yellow col-
ors. Next to a microscopy, the nanomaterial has been also charac-
terized using infrared spectroscopy, x-ray diffraction, and ζ-potential.
Maghemite (gama-Fe2O3) and silver were identified as the only crys-
talline phases. Infrared spectra indicated a successful anchoring of
antibodies, based on a presence of characteristic protein bands, in-
cluding Amide I (–CO–NH) and Amide II (–CO–NH–)at 1570 and
1650 cm-1, respectively. Anchoring of the proteins is also supported
by a measured ζ-potential, which considerably changed from -22.3
mV for the bare magnetic nanoparticles to 9 mV for a fully function-
alized nano-system. In the next step, the Fe2O3@anti-EpCAM@Amti-
Her2 nanosensor was characterized using Raman spectroscopy. As
mentioned above, the multiplex analysis was based on a competition
approach between tagged and naturally occurring analytes. The la-
beled variant of Her2 was Her2-Cy3, and analogically, EpCAM-Cy5

for EpCAM. Raman spectroscopy was employed in a study of the in-
teraction between the sensor and tagged analytes. Obtained spectra
are shown in the figure 13C, where yellow trace represents a spec-
trum of a model sample containing the sensor and both tagged anti-
gens, namely Her2-Cy3, and EpCAM-Cy5. Analogically, blue and red
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spectra represent the analysis of Her2, and EpCAM, respectively. All
three spectra contain characteristic protein bands, including Amide
III (1240 cm-1), and characteristic signals of both cyanins: Cy3 (373

cm-1) and Cy5 (475 cm-1). Importantly, addition of both analytes into
the measured sample caused a significant decrease of in the intensity
of both tags. Moreover, Raman signals of both tags were normalized
to the intensity of a spectral band present at 660 cm-1 (characteristic to
tyrosine) in order to achieve a better repeatability and reliability. The
comparison of ratios allowed to minimize an effect of non-specific
spectral differences between both, technical and biological replicates.
This procedure allowed to detect both analytes at a common limit of
detection 4.9 ng.L-1.
Finally, the method was tested on a set of real samples (whole human
blood), ten from two human volunteers were collected and analyzed
five times to perform a statistical evaluation. Student’s t-tests were
performed to determine the significance of differences of average in-
tensity ratios for signals of particular tags (Cy3 and Cy5) between
blank and spiked blood samples (c = 5 ng.L-1 of both analytes). The
average calculated p-values per sample were 0.0093 for HER2 and
0.0016 for EpCAM.

Generally used analytical approaches aimed on an analysis of can-
cer markers in clinical samples are commonly based on a detection
of fluorescence. These methods are able to detect proteins at ultra-
low concentrations; however, high risk of autofluorescence and pho-
tobleaching can not be neglected, and mark them difficult to apply
them globally. Here presented magnetic nanosensor for the multi-
plex detection of Her2 and EpCAM could be an interesting alterna-
tive. The developed sensor enables simultaneous analysis of these
two important tumor markers at <5 ng.L-1 limits of detection even in
a relatively complex blood samples.
The benefit of such an approach is in a possible exploration of Her2

and EpCAM on a surface of circulating tumor cells. This step is
planned in the follow-up research.
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3.10 imaging of growth factors on a human tooth root

canal by surface-enhanced raman spectroscopy

Endodontic treatment of immature permanent tooth with necrotic
pulp is one of the most challenging treatment options in endodon-
tics.[119] The standard approach is a root canal treatment, which
involves complete removal of the necrotic pulp, chemo-mechanical
preparation of root canal walls and obturation; however, the progno-
sis of conventionally treated immature teeth is quite low and leads to
a loss of the teeth before adulthood of the patient.[120] All disadvan-
tages of conventional root canal treatment can be solved by particular
regenerative treatment modalities. Although it has been proved in
vitro that isolated stem cells of dental origin are able to form pulp-
like tissue with deposition of tubular dentin, if they are transplanted
in a suitable carrier system, this cell-based approach is affected by sev-
eral problems. As an alternative option, cell-free approach of regen-
erative treatment seems to be feasible treatment modality as proved
by recent reports.[121] This approach relies on intracanal delivery of
scaffold which is rich on growth factors and can contain stem cells
or is able to attract such cells residing in the periapical region. Very
important step is also conditioning of dentin surface, because extra-
cellular matrix of dentin is rich on growth factors, which were em-
bedded during dentinogenesis into the collagen template as it min-
eralizes. The growth factors of extracellular dentinal matrix, which
are assumed to play the most significant role in pulp-dentin regenera-
tion are transforming growth factor-beta1 (TGF-beta1), bone morpho-
genetic protein-2(BMP-2) and basic fibroblast growth factor (bFGF).
Here presented approach employing surface enhanced Raman spec-
troscopy allows to simultaneously visualize above mentioned growth
factors directly on a dentin surface.
Here presented approach is based on a functionalized Fe3O4@Ag
nanocomposite with covalently anchored antibodies tagged using Ra-
man tags, namely Cy3, Cy5, and Cy7. First, the as-prepared nano-
material was evaluated using electron microscopy - results show a
presence of silver nanoparticles with size around 30 nm, and clus-
ters of iron oxide nanoparticles of size around 10 nm. The synthe-
sis of the nanosenor was next to electron microscopy and Raman
techniques monitored also using a measured ζ-potential in analogy
with previous reports. Obtained values increased from -42 mV for a
Fe3O4@Ag nanocomposite to 2 mV for nanocomposite functionalized
using tagged antibodies. This considerable change can detonate a suc-
cessful binding of the tagged antibodies on the surface of nanocom-
posite. Raman spectroscopy measurements, performed at particular
steps of the synthesis, show a successful tagging of all there antibod-
ies, namely anti-TGF-β1, AntibBMP-2, and AntibFGF using Cy3, Cy5,
and Cy7. Next, interaction of the nanomaterial was evaluated on a
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physiological sample (dentin surface) using fluorescence microscopy
to i) study optical properties of the nanosenor, and ii) evaluate a dis-
tribution of the sensor over the dentin surface. Results show that
all three sensors can be visualized with a suitable signal intensity
and that the dentin surface apparently contains places with localized
growth factors.

Figure 14: SERS spectral maps obtained by the analysis of selected samples
of dentin. Physiological sample was obtained without any treat-
ment. Negative control represents a sample with a smear layer,
which efficiently blocks the sample surface, and 5 and 20 minutes
samples were obtained by a treatment of dentin using EDTA for
5 or 20 minutes, respectively.[122]

Finally, the prepared nanosensor was tested in the imaging of these
growth factors on the surface of dentin treated using EDTA for var-
ious time intervals, namely 5, and 20 minutes. For a comparison,
physiological sample (without any treatment) and negative control
(dentin with a smear layer blocking the surface) were also analyzed.
Obtained results are shown in the figure 14. Parts a - c show a dis-
tribution of growth factors TGF-β1, bFGF, and BMP-2 on a surface of
the physiological sample. It can be seen that the first named is present
at relatively higher amounts. Analysis of the negative control (parts
d-f ) displays a considerable decrease in the intensities belonging to
all three tags. The five-minutes treatment using EDTA (parts g - i) led
to an increase of abundances of all there factors over values found in
the physiological sample, and twenty-minutes treatment (parts j - l)
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led to a further increase of the SERS intensity; with one exception, the
TGF-β1. This growth factor was probably washed out by the excess
of EDTA, as described in the previous works by Zeng et al..[123]
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4
C O N C L U S I O N S

Discovery of the surface enhanced Raman scattering changed the per-
ception of the Raman spectroscopy not only from the perspective of
ultra-trace analysis but It also allowed to markedly increase an achiev-
able lateral resolution of Raman imaging through tip-enhanced Ra-
man spectroscopy. The presented thesis briefly describes fundamen-
tal aspects of Raman effect, together with a surface enhanced Raman
scattering. Further chapters describe the important application of
Raman spectroscopy in the analysis of biomolecules, including pro-
teins, nucleic acids, and analysis of cells. Application potential of Ra-
man spectroscopy, surface enhanced Raman spectroscopy, and mag-
netically assisted surface enhanced Raman spectroscopy to analyze
various physiologically active compounds is further demonstrated in
the next chapter, where ten author’s papers are discussed and sum-
marized.
First, the method for a synthesis of silver nanoparticles, and their acti-
vation for SERS is described. Follwing works describe the utilization
of abovementioned nanomaterials in the analysis of selected bases
and discrimination of bacteria. Further, Raman modality, namely
magnetically assisted surface enhanced Raman spectroscopy, is de-
scribed and demonstrated on the analysis of dopamine, human IgG,
and cancer biomarkers. Finally, the localization of growth factors
on human dentin is shown. One of the main advantages of MA-
SERS is given by two analytical parameters: increased selectivity to
target molecules - compared to basic SERS methods based on bare
nanoparticles, and lower limits of detection - compared with the same.
Both important properties are basally given by two wired factors:
i) presence of anchored selectors (antibodies) on the surface of the
Fe3O4@Ag nanocomposite, and ii) possibility to magnetically sepa-
rate the nanomaterial from the complex sample simply by an applica-
tion of external magnetic force.
Developed methods present an interesting alternative to generally
used approaches, including immunochemical methods, separation
techniques, or electrochemical methods, and present a possible future
perspective of analytical methods applicable not only in medicinal di-
agnosis, but also in other aspects of human activities.
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Part III

O U T L O O K



5
O U T L O O K O N T H E F U T U R E A P P L I C AT I O N S O F
R A M A N S P E C T R O S C O P Y

The research in the field of a modern biology and medicine partially
depends on results obtained using the state of the art analytical instru-
ments, deeper understanding of physiological processes frequently
relies on the ability to reliably detect or quantify particular com-
pounds present in a complex matrix, or to evaluate a whole profile
of related compounds such as proteins, lipids, amino acids or nu-
cleic acids. Development of modern instruments and development of
new analytical methods thus presents a task with a high importance.
Position of Raman spectroscopy in this area considerably improved
with a discovery of surface enhanced Raman scattering, and with a
development of Raman microscopy, as a combination of optical mi-
croscopy and Raman spectroscopy. This work had an important aim
- to provide the information about results, which can be obtained
by a combination of available options and demonstrate various pos-
sibilities of Raman spectroscopy. The first part briefly describes an
introduction to the Raman spectroscopy, following part reports on
achieved results.
Raman microscopy and surface enhanced Raman spectroscopy are
standing at the beginning of their journeys. At least this can be
prospectively presumed in the light of recent developments and fu-
ture trends. Rapid development on the field of nanotechnologies pro-
duces novel nanomaterials endowed with interesting plasmon prop-
erties with an incredible cadence. Utilization of these structures in
Raman spectroscopy decrease achievable limits of detection, improve
selectivity or specificity, increase a reliability of finally developed an-
alytical protocols. Recent discovery of graphene and graphene en-
hanced Raman spectroscopy, followed by discoveries of other perspec-
tive 2D nanomaterials, including hematene, silicene or black phos-
phorus, opened door to more advanced Raman substrates with mul-
timodal properties. One example could be drug or gene delivery,
combined with a simultaneously performed targeted imaging of their
biological distribution. Recent developments on the field of core-
shell nanaparticles or hybrid nanostructures allow to precisely con-
trol properties of the present surface plasmon and thus efficiently
increase the amplification of resulting Raman signal. Last but not
least, research on the field of metal organic frameworks or covalent
organic frameworks allows introducing novel Raman substrates with
better tuned properties. The future will tell.
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The common approach of silver nanoparticles activation for surface enhanced Raman spectroscopy

often exploits an addition of chloride ions, generally at low concentrations of about 0.1–10 mM in the

final dispersion. For the first time, we report the applicability of a highly concentrated NaCl solution

(final concentration of 400 mM) for the SERS activation of silver nanoparticles (�30 nm). Microscopic,

optical and particle size distribution measurements reveal the rapid and reproducible re-crystallization

of the primary silver nanoparticles to one-order larger crystallites (�400 nm) already after 15 min after

NaCl addition. The crystal growth mechanism is discussed with respect to the proved essential role of

oxygen in the reaction system. The specific action of chloride ions is demonstrated through

a comparison with NaBr and NaI solutions of the identical concentrations, which do not induce the

analogous crystallization process. The recrystallized silver particles are efficient in an enhancement of

the Raman signal not only for visible (488 nm) but also for near infrared laser excitation (1064 nm) as

illustrated with the representative spectra of adenine.

Introduction

Fleischmann’s 1974 discovery of Surface Enhanced Raman

Scattering (SERS) on a silver electrode,1 and especially its re-

discovery on colloidal silver particles in 1977 by Creighton,2

started the extensive development of a new and very sensitive

analytical method3–7 enabling to detect molecules in the

concentration range from pico- to femtomols.8 High enhance-

ments of SERS even allowed the detection of individual mole-

cules adsorbed on a single silver particle.9–12 Some studies have

shown that the highest value of enhancement is achieved only on

the silver particles of a certain size which are referred to as ‘hot

particles’. The optimal size of these hot particles depends on the

wavelength of the laser used for excitation and ranges from

approximately 70 nm to 200 nm for excitation wavelengths

between 488 and 647 nm.13 For the commonly used argon laser

with a wavelength of 514.5 nm, the ‘hot particle size’ is reported

from 80 to 100 nm.8,14 For a use of lasers with an excitation

wavelength in the red region (l ¼ 785 nm), and especially in the

NIR region (l ¼ 1064 nm), we can assume that the highest

enhancement of the Raman signal would be achieved with

particles of around 400 nm in diameter. Nevertheless, the prep-

aration of such large particles represents a hard task from the

synthetic viewpoint. Moreover, particles of these dimensions are

unstable and usually settle within a few hours. Silver nano-

particles (Ag NPs) of 20–30 nm in sizes can be stable for several

months or years, even without any extra stabilization. However,

these small particles themselves usually do not provide

enhancement of the Raman signal. For this purpose, they must

be activated for example by the addition of some inorganic

ions.7,15–18 The most frequently used activation agents of the

silver nanoparticles prepared by the common reduction proce-

dures2,19,20 include halide ions, particularly chlorides.21–24

However, the mechanism of the activation has not yet been fully

explained.25–29 One possible explanation is based on the forma-

tion of silver particle aggregates.29 Recently, it has been shown

that a very strong increase in the Raman signal is achieved in

nanocrystal junction sites between two nanoparticles.30–32

In this work, we report a simple and reproducible method for

the activation of monodispersed Ag NPs by introducing the

concentrated NaCl solution (resulting concentration of 400 mM)

into the Ag NP dispersion. It is worth mentioning that the effect

of as-high concentrations of chloride ions, which is one to three

orders higher than commonly mentioned in the literature, have
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not been studied yet. In almost all cases when chloride ions were

used for the SERS activation, the final concentration of chlorides

ranged from 0.1 mM to 20 mM.20,21,24–27 As a principal result, the

high concentration of chloride ions induces a rapid re-crystalli-

zation (in only a few minutes) of the primary Ag NPs to crys-

tallites of around 400 nm, which convey reproducible Raman

enhancement both for the visible and near infrared excitation.

Experimental

Preparation of the silver nanoparticles

Ag NPs, with a diameter of approximately 28 nm, were synthe-

sized by a reduction of the complex [Ag(NH3)2]+ cation with D-

maltose. The initial concentrations of the reaction components

were 10�3 M and 10�2 M for AgNO3 and the reducing sugar,

respectively. The concentration of the ammonia used was 5 �
10�3 M. Sodium hydroxide solution was added to the reaction

system to adjust the value of pH at 11.5 � 0.1, as well as to

achieve a reaction time of 3–4 min. The as-prepared aqueous

dispersion of the silver NPs was used for the subsequent exper-

iments without any additional modifications. All the measure-

ments were performed at the laboratory temperature (20 �C).

The specific Ag NPs treatment procedure for DLS and UV-vis,

was as follows: The amount of 0.2 mL of the stock solution of Ag

NPs was diluted by 0.7 mL of deionised water and then 0.1 mL of

the 4 M NaCl solution was added. After adding chloride ions to

the diluted dispersion of Ag NPs, the solution was quickly mixed

and immediately (within several seconds), the measurements

began. For the purpose of SERS measurements, 0.2 mL of the

stock solution of Ag NPs was diluted with 0.7 mL of deionised

water. Then, 0.1 mL of 4 M NaCl was quickly added to the

diluted dispersion of Ag NPs and the solution was shaken. Next,

an appropriate amount of 10�3 M solution of adenine was added,

the solution was shaken again, and the Raman spectrum was

collected.

Materials and chemicals

Silver nitrate (99.9%, Safina), ammonia (25% (w/w) aqueous

solution, p.a., Lachema), sodium hydroxide (p.a., Lachema),

sodium chloride/bromide/iodide (p.a., Sigma-Aldrich) and D(+)-

maltose monohydrate (p.a., Riedel-de Ha€en) were used for the

preparation of silver NPs without any further purification.

Instrumentation

The size of the well-dispersed silver NPs as well as the size of the

agglomerates formed during the re-crystallization process was

determined by a dynamic light scattering method (DLS) using

a Zeta Plus analyzer (Brookhaven, USA). TEM observations of

the silver NPs were performed with a JEM 2010 (Jeol, Japan)

electron microscope at 160 kV of the acceleration voltage. SEM

images were collected using a SU 6600 (Hitachi, Japan) at an

accelerating voltage of 10 kV. UV-vis absorption spectra of the

silver NP dispersions were acquired by using a Specord S 600

(Analytic Jena AG, Germany) spectrophotometer. Experiments

concerning the usage of Raman spectrometry were performed

using an FT-IR spectrometer (Nicolet FT-IR 6700, USA) with

a Raman accessory (NXR FT-Nicolet module, USA) equipped

with a liquid nitrogen-cooled germanium detector. An FT-

Raman was equipped with an argon laser with a wavelength of

1064 nm (near infrared), laser power incident onto a sample was

300 mW, 256 scans were obtained for each measurement and data

were averaged. Spectra were measured in the range from 200 to

2000 cm�1. Raman experiments concerning visible excitation were

performed at laboratory temperature on a Jobin-Yvon T 64 000

(Jobin-Yvon, France) spectrometer equipped with a liquid

nitrogen-cooled CCD detector. The argon laser (Coherent Innova

90C FreD, Coherent Inc., l¼ 488 nm) was used for the excitation.

Spectra were registered in the range from 600 to 2000 cm�1 with 1

cm�1 resolution and 10 s scan time; 10 accumulations were made.

The laser light power incident onto a sample was 100 mW.

Results and discussion

The primary Ag NPs were synthesised by a reduction of the

complex [Ag(NH3)2]+ cation with D-maltose.33 Silver NPs

obtained in this way are nearly monodispersed with an average

particle size of 28 nm (as determined by the Dynamic Light

Scattering method—DLS). With regard to the use of these Ag

NPs in practical applications including SERS measurements,

their time stability is an important practical aspect. Thus, the

time stability of Ag NPs stored in a dark flask at the laboratory

temperature was monitored by measuring their average size

(DLS) and absorption spectra. During a period of 600 days, the

average particle size remains constant (28.4 � 0.8 nm) as proved

by DLS data (inset in Fig. S1)† and by measuring the absorption

spectra that were unchanged during the mentioned period of time

(Fig. S1).† However, an application of these NPs (without

further treatment) in SERS is not particularly effective, as these

NPs usually do not provide any significant enhancement of the

Raman signal.

The process of silver particle activation by a highly concen-

trated NaCl solution was monitored by measuring the average

particle size (using the DLS method) and by recording the UV-

vis absorption spectra. The experiments were repeated twelve

times in order to verify the reproducibility (see error bars,

Fig. 1A). The particle size was averaged out after every minute of

the measurement and the resulting values for the final concen-

tration of Cl� equal to 400 mM are shown in Fig. 1A. The

representative absorption spectra demonstrating the change in

the average size of Ag NPs are depicted in Fig. 1B. Immediately

after the addition of NaCl solution to Ag NPs, there was

a considerable change in the colour of the dispersion of Ag NPs

with corresponding changes in its absorption spectrum. The

colour of the dispersion changes immediately from yellow to

violet. 20 s after the addition of sodium chloride solution, the

colour of the dispersion becomes grey. The original absorption

peak with the maximum at 410 nm, corresponding to the surface

plasmon of the original nanoparticles, was considerably sup-

pressed, while at the same time, the secondary peak with the

maximum at 570 nm has emerged. The secondary peak with the

similar maximum was previously reported for Ag particles with

dimensions of 100–110 nm.34,35 After the first minute following

the addition of chloride ions, there was a further decrease in the

absorption maximum at 410 nm and a shift of the secondary

absorption maximum to 650 nm, which moved to 680 nm over

the next two minutes. This shift in the position of the secondary

This journal is ª The Royal Society of Chemistry 2011 CrystEngComm, 2011, 13, 2242–2248 | 2243
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absorption peak can be considered as a confirmation of the

gradual increase in the average size of Ag particles. After the 5th

minute, the absorption spectra already had a very flat course

without any pronounced maximum, which is characteristic of Ag

particles with dimensions of about 200 nm and larger.35

In order to explore the re-crystallization process including

changes in the size and morphology of Ag NPs after NaCl

addition, several representative samples were analysed by TEM.

Fig. 2A shows the primary non-activated particles included in the

stock solution of Ag NPs without the presence of any chloride

anions. The average particle size (24 nm) determined by TEM is

in a good accordance with the value determined by the DLS

method (28 nm). From TEM measurements, the average particle

size was determined by the image analysis performed for two

independent images containing 50 nanoparticles in minimum in

the window. Other samples were taken at the time of 30 s, 2 min,

and 15 min after the addition of NaCl solution. In these cases, the

samples were diluted by the tenfold amount of deionised water

before spreading on a copper grid coated with a carbon layer, due

to the suppression of the reaction that could be in progress

further (in case of non-dilution). After 30 s, TEM image revealed

considerable amount of silver nanoparticles with the size of equal

to or below 25 nm (�90%) (Fig. 2B). However, a certain number

of particles (�10%) had dimensions ranging from 50 to 100 nm

(inset in Fig. 2B). In the sample taken 2 min after the addition of

NaCl solution, the presence of Ag particles with a size of around

150 nm was observed, and the particles of dimensions of around

25 nm were almost not present (Fig. 2C). After 15 min, the large

Ag particles with the size of around 400 nm were found in the

dispersion (Fig. 2D), while any smaller particles and/or their

aggregates were not detected. Approximately 20% of the Ag NPs

were present in the form of well-defined crystalline shapes, such

as hexagonal (Fig. 3A), rod-like (Fig. 3B), and triangular

(Fig. 3C). The miscellaneous morphologies of recrystallized

particles are probably related to the presence of particles with

different shapes already present in the original dispersion

(Fig. 3D, 3E, 3F). The single-crystal character and typical cubic

structure of these recrystallized silver particles were confirmed by

the selected area electron diffraction (inset in Fig. 3C). The

chemical composition of transformed large silver particles was

also confirmed by XRD measurement (Fig. S2).† The process of

re-crystallization of silver nanoparticles induced by 400 mM

NaCl was investigated at different reaction temperatures. These

experiments were monitored via time-dependent UV-vis

absorption measurements (Fig. S3).† The time changes in

absorbance were accelerated/decelerated by increasing/

decreasing the reaction temperature. The absorption spectrum

obtained after 10 min since the addition of NaCl solution at

a reaction temperature of 20 �C was almost the same as that

recorded after 2 min since the addition of NaCl solution at

a reaction temperature of 60 �C. TEM images of the sample

taken after 20 s at this temperature revealed particles with sizes

between 10 nm and 70 nm (Fig. S4A).† After 2 min since the

addition of NaCl solution, the fully recrystallized large silver

particles (�350 nm) were observed (Fig. S4B).† The obtained

data confirm the reductive deposition along dissolution-re-

growth mechanism as there are no TEM indications of the

particle aggregation neither at 20 �C nor at 60 �C. TEM images

reveal the intermediate presence of silver crystallites with a rather

broad size distribution (Fig. 2B and Fig. S4A).† Just the simul-

taneous presence of smaller and larger crystals compared to the

original particles is a strong evidence for dissolution-re-growth

mechanism. The particle re-growth is finished as soon as all

dissolved silver is consumed. This is supported by temperature-

dependent observations when the final size of silver particles is

almost the same independently on the temperature (compare

Fig. 2D and Fig. S4B)† although the rate of crystal growth is

evidently higher with increasing temperature (see Fig. S3).†

To get a deeper insight into the mechanism of the silver crystal

growth induced by a highly concentrated NaCl solution, we

performed similar experiments with NaBr and NaI solutions of

the same final concentrations (400 mM). In all cases, the yellow

colouring changed to the grey colour within several seconds.

However, this colour change, implying for a disappearance of the

Fig. 1 Time dependence of average size of Ag NPs (A) and the repre-

sentative UV-vis absorption spectra (B) recorded during 20 min after the

addition of the NaCl solution (the final concentration of 400 mM).
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original well-dispersed nanoparticles, is not due to the re-crys-

tallization of silver nanoparticles as observed after the NaCl

addition. In the case of NaBr and NaI additions, the primary

dissolution followed by a secondary precipitation of silver hal-

ogenides are competitive processes, which were proved by

detailed TEM (Fig. 4) and UV-vis measurements (Fig. S5).†

TEM images of the objects formed after NaBr (NaI) addition

revealed presence of aggregates (particles) with the sizes of

several tens to hundreds of nanometres (Fig. 4A and 4C). These

objects were, after the radiation by electrons in the transmission

electron microscope, subjects to partial (Fig. 4B) or almost total

destruction (Fig. 4D). This might be a proof of the formation of

a certain amount of AgBr (in the case of NaBr addition) or even

prevailing amount of AgI (in the case of NaI addition). The

chemical compositions were confirmed by the selected area

electron diffraction (Fig. S6A and S6B).† The different action of

iodide ions in comparison with chloride ions is also reflected in

the obtained absorption spectra (see representative spectra after

iodide addition in Fig. S5B)† when almost zero absorbance,

between wavelengths of 500–900 nm, registered after 20 min since

the NaI addition, gives further support for an absence of metallic

nanoparticles in the system. Evidently, the highly concentrated

solutions of bromides and iodides are not applicable for

activation of silver nanoparticle dispersion due to the precipita-

tion of silver halogenides. It is well known that halide anions can

serve as a precipitant of Ag+ ions at a low concentration and

a complexing agent at a high concentration of halides. The halide

ions can react with the silver atoms and dissociate them from the

surface of Ag particles. This phenomenon is known as the

oxidative etching process.36–38 Henglein et al.39 have reported that

oxidative etching of silver particles is accelerated through the

presence of complexing agents. They observed that ligands that

coordinated more strongly with silver induced the oxidative

etching at much faster rates. The suggested mechanism under-

lying this phenomenon was that the silver atoms on the surface

are coordinated by halide ions and this action is accompanied

with a simultaneous pick-up of the electrons by oxygen. Under

such conditions, the varying behaviour of Br� and I� ions

compared to Cl� is therefore given by significantly higher

stability constants of AgX2
� complexes with Br� and I� ions

(b1¼ 3.23, b2¼ 5.15 for AgCl2
�, b1¼ 4.68, b2¼ 7.70 for AgBr2

�,

b1 ¼ 6.58, b2 ¼ 11.7 for AgI2
�). In the case of bromides and

iodides, etched Ag+ ions are more firmly tied up into a respective

complex compound and the subsequent recrystallisation of

particles proceeds with a greater difficulty (Br�) or almost not at

all (I�). In summary, it can be concluded that chloride ions in

Fig. 2 TEM images of primary non-activated Ag NPs (A) and those formed by gradual crystallization after 30 s (B), 2 min (C), and 15 min (D) since the

addition of the 4 M NaCl solution. The inset in D demonstrates the final 400 nm-sized single crystal imaged by SEM, while other insets show TEM

images evidencing for gradual crystal growth.
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a high concentration provide the optimal means for controlled

re-crystallization of Ag NPs, while the solutions containing

bromides, iodides and nitrate in the same concentrations are not

able to induce the same activation effect.

In order to examine the role of oxygen in the chloride induced

re-crystallization of Ag NPs, the dissolved oxygen was removed

by bubbling argon in the solutions used. The sample was taken

15 min after the addition of NaCl solution and the transmission

electron microscopy revealed large globular objects ranging from

2 to 3 mm in size (Fig. 5A). When these objects were explored in

a high resolution mode, it was found out that they are composed

of Ag NPs with dimensions of around 20 nm, which are well seen

mainly on the aggregate surface (Fig. 5B). We can certainly

conclude that, in the absence of oxygen, the aggregation of the

primary Ag NPs occurs as a predominant process, while their re-

crystallization is suppressed. The question is how oxygen acts in

this oxidative etching process. Xia et al.40 have studied the similar

phenomenon after the addition of chloride ions in the polyol

synthesis of Ag NPs. In the presence of oxygen, they observed

enhanced oxidation and preferential etching of twinned particles,

leaving the single-crystals to grow. When this reaction was per-

formed without the presence of oxygen, there was no oxidation

to compete with the polyol reduction, and multiply twinned

particles grew quickly into long nanowires.

The original Ag NPs (�30 nm), as well as the recrystallized Ag

particles transformed after the addition of NaCl (�400 nm) were

tested for application in surface enhanced Raman spectroscopy

with adenine as an model analyte. SERS measurements were

performed for the two excitation laser wavelengths (1064 nm and

488 nm). The final concentrations of adenine were 2.5 � 10�5 M

(l ¼ 1064 nm) and 5 � 10�6 M (l ¼ 488 nm). Fig. 6A shows the

typical SER spectrum of adenine recorded using the recrystal-

lized Ag particles for the excitation wavelength of 1064 nm.

When the diluted dispersion of the original Ag NPs (28 nm)

without NaCl activation was used, no spectrum of adenine was

registered (Fig. 6B). For the evaluation of enhancement, the

Raman spectrum of adenine alone (concentration of 0.1 M) was

measured without the presence of Ag NPs (Fig. 6C).

The enhancement of the Raman signal was monitored

depending on the period of time that elapsed since the addition of

the NaCl solution to the diluted dispersion of original Ag NPs

(Fig. 6D). For an excitation wavelength of 1064 nm, the

enhancement reached maximum between the 12th and the 16th

minute. The increase in the enhancement during the first 12 min

can be explained by an increase in the particle size caused by the

re-crystallization process. After the mentioned time elapsed since

the addition of sodium chloride, the particle size reached a value

of around 400 nm, which is in good agreement with the

Fig. 3 TEM images taken 15 min after the addition of the 4 M NaCl solution exhibiting recrystallized Ag particles with various morphologies (A, B, C),

and images of primary non-activated Ag NPs of the same crystal shapes (D, E, F).

Fig. 4 TEM images demonstrating the electron beam induced trans-

formation of particles formed after 15 min since the addition of the NaBr

(A, B) and NaI (C, D).
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prediction of optimal size of silver particles based on previously

published results regarding the dependence of enhancement of

the Raman signal on the particle size for the given excitation

wavelength.13 In the case of excitation at 488 nm, a considerable

enhancement was achieved within two minutes after the addition

of the NaCl solution. The size of Ag particles reached approxi-

mately 150 nm at this moment (Fig. 2C). Surprisingly, the

enhancement grew further with the increasing particle size. This

fact can be probably connected to the irregular surface of most

Ag particles providing active sites for the enhancement and

consequent investigation of this phenomena is under progress.

Generally, it is well-known that chloride anions, in low concen-

trations (about 10 mM),20,21,24–27 induce the aggregation process

and the junctions among silver nanoparticles (tens of nano-

metres) represent the active sites for the Raman signal

enhancement. However, data presented in this work indicate that

chloride ions (in high concentrations of about 400 mM) cause the

formation of large silver particles (hundreds of nanometres),

which are very efficient for the Raman signal enhancement.13

Accordingly, the presence of transformed Ag particles with

dimensions of around 400 nm induced by 400 mM chloride ions is

necessary for application in the NIR region. In summary, the

mentioned facts would be of primary importance for the practical

use of the developed re-crystallization procedure in the surface

enhanced NIR-visible Raman spectroscopy. It is worth to mention

that when NaBr and NaI were used for the transformation of Ag

NPs, no enhancement of the Raman signal of adenine was

Fig. 5 TEM images of Ag aggregates obtained after the addition of

NaCl (400 mM) using oxygen-free solutions (A). Detail of nanoparticles

on the aggregate surface and in its near surrounding (B).

Fig. 6 Surface enhanced Raman spectrum of adenine in the presence of

silver particles transformed by chloride ions (A). Raman spectrum of

adenine in the presence of primary non-activated Ag NPs with (B).

Raman spectrum of adenine in deionised water (C). All spectra were

taken for an excitation wavelength of 1064 nm. Time dependence of

enhancement of Raman signal of adenine after the addition of chloride

ions for the excitation wavelengths of 1064 nm and 488 nm (D). The

enhancement factor was determined by comparing the intensities of the

most intensive peak in spectrum at 734 cm�1.

This journal is ª The Royal Society of Chemistry 2011 CrystEngComm, 2011, 13, 2242–2248 | 2247
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recorded. This is in accordance with the above mentioned fact that

application of Br� and I� anions in such high concentrations

results in a formation of large amount of AgBr or AgI particles.

Conclusions

We described the simple and reproducible procedure how to acti-

vate silver nanoparticles (�30 nm) for an efficient application in the

surface enhanced Raman spectroscopy. By adding the concentrated

solution of chloride ions, we induced a rapid re-crystallization

process towards larger silver crystals (�400 nm) providing

a considerable enhancement of Raman signal with excitation in the

near infrared region. This simple way to obtain SERS substrate

possesses a great application potential in the analytical practice.
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Quantification of purine basis in theirmixtures at
femto-molar concentration levels using FT-SERS
Vaclav Ranc,a* Jana Hruzikova,b Kamil Maitner,b Robert Prucek,c

David Mildeb and Libor Kvítekc

Surface-enhanced Raman scattering spectroscopy represents one of the unique techniques for studying nanoscale objects, and its
distinctive properties can be used in the process of further analysis. The careful evaluation of the particular influence of selected
key-role experimental parameters (e.g. pH value ofmeasured samplemixture, size and distribution of used nanoparticles) and the
influence of reduction agent used in the process of formation of desired nanoparticle objects presents an important task in the
further study of surface-enhanced Raman scattering effect. A broad study of these experimental parameterswas performed in this
paper. The main aim of the presented work was to a demonstrate an application potential of selected experimental conditions in
the determination of three purine bases: adenine, xanthine, and hypoxanthine. The resulting limits of detection are at femtomolar
concentration levels for all three studied compounds. Copyright © 2011 John Wiley & Sons, Ltd.

Keywords: FT-SERS; adenine; hypoxanthine; xanthine; Raman spectrometry; nucleotides; nanoparticle

Introduction

Nanoscale objects, e.g. nanoparticles, can be studied using dis-
tinctive approaches and by many different more common or even
uncommon procedures. Common techniques used for the study
of physical and optical properties usually comprise scanning
electron microscopy,[1] transmission electron microscopy,[1–3] dy-
namic light scattering microscopy,[4] or by, especially in last few
years, the very popular atomic force microscopy.[5] These techni-
ques present a possibility to rapidly and easily characterize some
of the key physical parameters of nanoparticles, e.g. their effective
cross-section, density, surface characteristics or optical character-
istics, respectively. Surface-enhanced Raman scattering (SERS)
spectroscopy presents an interesting alternative substantially in the
study of selected chemical properties of given nanoparticles at
defined conditions.

Besides this assignment, SERS can also be employed in the study
of various analytes of interest using nanoparticles as mediators for
those actions. Signal enhancement using nanoparticles was de-
scribed in detail, e.g. in the review by Smith et al.[6]

The study of experimental conditions is one of the key aspects
of development of many methods utilizing SERS spectroscopy.
The pH effect on surface charge and the resulting SERS spectra
has been investigated using numerous chemical compounds,
such as thiol molecules,[7–11] imidazole,[12] purine derivatives,[13]

cytosine and uracil,[14] pyridines and acridines,[15,16] isonicotinic
acid,[17–19] mercaptones,[20] humic substances,[21] lysozyme pig-
ments,[22] dyes,[23] pesticides,[24,25] vitamins,[26] food additives,[27]

nucleic acids,[28] amino acids,[29–32] proteins,[31,33–35] ligands,[36]

lipids and lipolysis,[37–39] and drug components.[26,40–43] There
even exist some studies on bacteria[44,45] that have investigated
the pH effect.

The effect of nanoparticles cross-sections and size distributions
has been also evaluated, e.g. in the work by Mahmoud and Badr,[46]

where silver nanoparticles with various definite sizes were used. His
investigation led to the important finding of nanoparticle size

influence on the obtained enhancement factor and possible red
shift. Another important work was performed by Glaspell et al.,[47]

where nanoparticles in the range from 5 to 50nm were studied,
or by Nie et al.,[48] where single metal nanoparticles were evaluated.
SERS effect was performed on Rhodamine 6G. Link et al.[49] also
investigated the influence of the size of nanoparticles used for SERS
experiments; temperature dependencywas also investigated in this
work. It was shown that not only nanoparticle size plays an essential
role but also the temperature of the measured solution has a
significant effect on the resulting enhancement factor obtained
by SERS measurements.

Detection or a respective determination of nucleotides, nucleo-
sides or their free bases present one of the continuously increasing
important analytical tasks especially in the field of biochemistry,
medicine, and related branches.[50,51] Nucleic acids constituents
present in the body fluids, tissues or cells can be products of nucleic
acid catabolism, enzymatic degradation of tissues or unhealthy di-
etary habits.[52,53] Alternation of tracked concentration levels of
these compounds can also indicate some substantial deviances of
activities of selected catabolic, anabolic or interconversion
enzymes. Nucleic acid constituents can thus in some cases present
effective markers of various diseases that cause alternations in the
purine and pyrimidine metabolic pathways.
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Analytical tasks dealing with an identification or determina-
tion of nucleic acids constituents are in most cases performed
using capillary electrophoresis (e.g. Refs 54–60), capillary electro-
chromatography[55] or high performance liquid chromatography
(HPLC, e.g. Refs 61–65). These techniques offer high sample
throughput connected with automation and robustness, and
are financially efficient. One of the main problems of these techni-
ques lies in their comparably higher detection limits.
Sheng et al. published a method for the determination of

selected purine basis using RP-HPLC using real-time SERS spec-
troscopy.[66] This method was based on the use of a separation
technique (RP-HPLC) to separate target compounds and then,
afterwards, SERS was used in an on-line detection technique.
Analyzed concentration levels for target compounds were very
good; they were in units of nmols per liter. This pilot work on
an on-line approach introduced a possibility of using alternative
analytical procedures (SERS) as detection systems. Development
of methods targeted on the determination of selected analytes
using SERS approaches present an interesting alternative to
commonly used detection techniques but also have some significant
limitations that have to be taken into account.
Du et al. developed a method based on SERS for the determi-

nation of melamine[67] and it can be seen that the limit of detec-
tion is in the order of hundreds of micrograms per liter. However,
the experimental design presents a complicated step and also
the analysis of real samples presents a limitation. Quantification
of target analytes using SERS has also been discussed, e.g. in
the works by Barber et al.,[68] Cai et al.,[69] Creighton,[70,71] Lindgren
and Larsson,[72,73] and Xu et al.[72,73]

Koglin et al. described a method for the analysis of nucleic acid
bases based on SERS effect established on the use of silver col-
loids.[74,75] This work brought interesting results but the method, in
its original setup, was not able to quantify an amount of respective
compounds.
The main aim of this work is to develop an easy to use and ef-

fective method for the determination of selected bases: adenine,
xanthine and hypoxanthine (for details see the Fig. 1).

Experimental

Apparatus

All spectroscopic experiments were performed using a Fourier
transformation infrared spectroscopy instrument Nicolet 6700
with NXR accessory (Thermo – Electron, USA). The instrument
was equipped with a germanium detector cooled by a liquid

nitrogen and Raman laser (NdYAG) with wavelength of
1064 nm. Laser power was set to 100mW (on sample) and the ap-
erture was set to 150 (fully opened). The setting of experimental
parameters was performed using a standard solution of adenine
(c= 1*10–6mol/L) and all the relevant experimental parameters
(laser power, aperture, gain, optical velocity) were set to obtain
the most intense and time independent SERS spectroscopy sig-
nal. All experiments were repeated five times if not stated
otherwise.

Chemicals

Adenine, xanthine, hypoxanthine, glucose, sodium citrate, and
maltose (all pro analysis grade) were purchased from Sigma-
Aldrich (San Jose, MA, USA). Silver nitrate, hydrochloric acid
(36%), ammonium hydroxide (24%), and triethylamine (all pro
analysis grade) were purchased from Fluka (part of Sigma-Aldrich,
San Jose, USA). The water used was obtained from a Milli-Q
water processing device (Millipore, USA) with conductivity less
than 18 mS.

Preparation of standard solutions

Standard solutions of adenine, xanthine, and hypoxanthine were
prepared by a precise and accurate weighting of 1mg of the
corresponding base standard. The standard was dissolved in
1ml of deionized water giving concentration level of 1mg/mL.
This solution mixture was diluted to desired concentration levels
defined by calibration range.

Preparation of nanoparticles

Nanoparticles were synthesized using a modified procedure de-
scribed by Kvitek et al., [76] Soukupova et al.,[77] and Prucek et al.[78]

This procedure is based on the reduction of silver salt (silver nitrate
is usually used) by a selected reduction agent (e.g. reduction sugar,
sodium citrate, etc.) in a basic environment. This work uses silver
nitrate (concentration 1mg/mL), where the silver is reduced using glu-
cose (c=10mg/mL), maltose (c=10mg/mL) or citrate (c=10mg/mL).
The basic environment resulted from the addition of ammonium
hydroxide (0.1% v/v, pH=10). Formed silver nanoparticles were
stabilized using the addition of triethylamine (c=10mmol/L).

Preparation of working solutions

Working solution mixtures were prepared as follows. Precisely
200 mL of nanoparticles solution (60 ppm) was added to 690 mL
of deionized water. Then, 100 mL of sodium chloride solution
(c= 100mmol) was added and the mixture was vortexed. Finally,
10 mL of analyte at corresponding concentration level was added.
This solution was measured immediately.

Results and discussion

The study of selected experimental parameters

First, SERS spectra for all respective compounds, namely xan-
thine, hypoxanthine, and adenine, were measured at the concen-
tration level 1�10–13mol�L–1. The results can be seen in Fig. 2. It is
clear that the resulting SERS spectra differ and regions that are
unique for selected compounds can be easily found.

Second, selected experimental parameters were taken into
account. It is clear that the reduction agent used has a strongFigure 1. Schemes of analyzed compounds.

V. Ranc et al.
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influence on the resulting nanoparticle size and thus also on a
significant number of the physical parameters by which the par-
ticle is defined. The main purpose of this work was to develop a
SERS method for the analysis of selected nucleotides; thus, the in-
fluence of particle size on the resulting Raman peak areas has
been evaluated. The obtained results are summarized in Table 1.
It can be seen that the particle size (evaluated using dynamic
light scattering microscopy) plays a significant role in the process
of SERS spectroscopy measurements. Spectra obtained using glu-
cose, maltose, and sodium citrate as reduction agents are shown
in Fig. 3. It can also be seen that the use of sodium citrate and
glucose led to similar results in contrast with the use of maltose
that led to worse enhancement factors, outspread to this partic-
ular system and analytes. Another important parameter of the
given nanoparticles is their stability in time. This factor was stud-
ied in the range of 10 days. Prepared nanoparticles were stored in
the dark and at laboratory temperature for a given time and re-
peatedly used for SERS experiments (once every 2 days). The sig-
nal stability was studied. It was observed that the Raman signal
decreases with time in the case of all selected silver nanoparticles.
The study was based on the analysis of adenine (c=1�10–8mol/L).
After a week of use, the signal was at half of its initial value in all
cases of used reduction agents. Obtained data are shown in Fig. 4.
A significant decrease of Raman intensity in time can be seen for
all prepared types of nanoparticles (maltose, glucose, and so-
dium citrate were used as reduction agents). According to this
situation, nanoparticles were prepared every working day from
this point.

The third important parameter that was taken in account in this
particular study is the influence of pH value of the measured sam-
ple mixtures. The influence of pH plays an important role in the
case of proteolytic analytes, but has also some partial and not in-
significant influence in other cases. It has been demonstrated that
the state of a given analyte proteolytic balance influences the
resulting SERS spectra mainly because a current proteolytic form
of analyte, which is given by a pH value of environment, deter-
mines the method of its adsorption on silver nanoparticles.[79]

The study of the influence of pH value was performed using three
different pH values of sample mixtures, pH =3, 7, and 10. The value
pH= 3 was obtained by the addition of hydrochloric acid (c=50
mmol/L), pH 7 was a native pH of the initial solution and pH 10
was obtained by the addition of ammonium hydroxide (c=20
mmol/L). For an illustration, Fig. 5 shows the analysis of adenine
(c=1�10–8mol/L) at different pH values. Similar results were
obtained for xanthine and hypoxanthine (data not shown). It
was demonstrated that the addition of hydrochloric acid leads
to a suppression of SERS signal. According to our best knowledge,
the basic principles of SERS effect are still unknown but it can be
seen that a shift of proteolytic balance can significantly influence
a desired Raman spectrum. One of the possible causes can be the
presence of positive charge on the heterogeneous nitrogen atom
by which an analyte is adsorbed on a silver nanocomposite. On
the other hand, higher pH values led to a significant increase of
Raman signal, which supports our theory.

Figure 2. SERS spectra of adenine, hypoxanthine and xanthine mea-
sured at the concentration level 1�10–13 mol�L–1.

Table 1. Summary of the obtained experimental values. The highest
peaks in the corresponding spectra were evaluated. The average
particle side (d) was obtained by dynamic light scattering microscopy

Reduction
agent

Glucose,
d = 44 nm

Citrate,
d = 58 nm

Maltose
d = 28 nm

AVG STD AVG STD AVG STD

Hypoxanthine, peak area at 730 cm–1

PH 7 47.62 2.62 9.04 9.04 31.92 3.79

PH 10 40.85 2.48 14.41 3.86 18.48 5.12

Xanthine, peak at 660 cm–1

PH 7 65.44 1.48 20.54 3.46 17.11 2.67

PH 10 57.51 0.66 12.61 1.62 8.78 3.16

Adenine, peak at 736 cm–1

PH 7 199.49 9.75 115.45 12.39 180.59 3.16

PH 10 171.78 15.85 112.74 21.55 121.44 75.69

AVG, average of 5 experimental values; STD, standard deviation.

Figure 3. Dependency of selected Raman peak areas for respective com-
pounds on time, n=5. Standard deviation of respective measurements is
given by an error bar.

Figure 4. SERS spectra of adenine obtained for experiments where var-
ious reduction agents were used during the preparation of concrete
nanoparticles.
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According to the results that were obtained during the study of
experimental conditions, final conditions were selected and con-
sequently used in the study of calibration parameters. The highest
intensity of respective SERS signal was obtained with glucose as
reduction agent of silver nitrate. Particles prepared using the
mentioned reduction agent embodies suitable properties
concerning the Raman enhancement factors and their stability
in time. The best results were obtained using a pH value at pH=7.
All obtained experimental values are summarized in the

Table 1. The influence of selected experimental parameters, i.e.
pH and reduction agent, was evaluated using peak area of the
highest peak in the corresponding Raman spectrum. For adenine,
the peak at 735 cm–1 was selected. This peak corresponds to a
vibration of the C=N bond in the purine ring. For hHypox-
anthine, the peak that corresponds to a similar vibration was se-
lected. It was located at 730 cm–1. In the case of xanthine, the
peak at 660 cm–1 was selected. This peak was interpreted as the
C=N vibration on the pyrimidine ring.

Calibration model design and evaluation

The quantitative analysis was based on the evaluation of SERS
spectroscopic data. For each target analyte, the highest peak in
the corresponding spectrum was selected and taken into ac-
count. Its known that this approach is valid only in the narrow
concentration rang and thus only a narrow interval of concentra-
tion levels was used.[80] This limited validity is given mainly be-
cause of the concurrent adsorption of ballast species on the
nanoparticle surface and by their limited surface (higher limit),
and on the other side of the range there can be found serious
problems with excitation laser incoherence and instrumental
noise. However, it is possible to obtain qualification information
using SERS experiments by a careful selection of experimental
conditions and using defined and highly restricted concentration
range. In an agreement with the mentioned possibilities, every
evaluated spectrum was compared with the corresponding spec-
trum obtained by the analysis of a blank solution (working solu-
tion without an addition of analyte). In this way, the target peak
in the analyte spectrum was compared with a corresponding
peak in the blank spectrum and these two peaks were abstracted.
The obtained reduced peak area was afterwards used for further
evaluation. Every calibration level was measured five times if not
stated otherwise.
Calibration levels for target compounds (adenine, xanthine,

and hypoxanthine) were selected in the concentration range
from 1�10–15mol/L to 1�10–8mol/L in ordered intervals (eight
calibration levels). However, the linearity of calibration curves
was obtained only in the lower part of this interval. For adenine,

the linearity of the calibration curve was obtained in the range
from 1�10–15 to 1�10–11mol/L; for hypoxanthine and xanthine,
this interval was from 1�10–14 to 1�10–10mol/L, respectively.

The curvature of the calibration curves at higher concentration
levels could be caused, e.g. by concurrent adsorption processes
on the limited surface of nanoparticles described above.

The limits of detection (LOD) were calculated from the obtained
spectra. Measured data were compared with corresponding blank
spectra and after subtraction, LOD was calculated from the high-
est peak in the given reduced spectrum using an approach that
is based on the signal-to-noise ratio. The summary of the obtained
results can be seen in the Table 2.

Analysis of model mixtures

The analysis of model mixtures was based on the similar
approaches that have been used in the calibration model design.
Samples containing all three target compounds on the selected
concentration levels were measured. These concentration levels
were selected according to the results that were obtained in
the process of calibration model development. For all three
target compounds (adenine, xanthine, and hypoxanthine), these
levels were 1�10–12 and 1�10–13mol/L of the respective target
compound. A new mixture calibration model has also been con-
structed. This calibration model was based on the analysis of the
mixture containing all three targets: xanthine, hypoxanthine, and
adenine. The calibration range was selected from 1�10–15 to
1�10–10mol/L. For each target compound, its unique peak was
found. The selection criteria for these peaks were based on two
prerequisites: first, the selected peak has to be unique for a target
compound and second, this peak has to be intense enough for
quantification purposes at femtomolar concentration levels. For
adenine, the peak at 735 cm–1 was used; for hypoxanthine, the
peak at 1097 cm–1 was used; and for xanthine, the peak at
660 cm–1 was selected. On the basis of these principles, calibra-
tion curves for each target compound were constructed. Calibra-
tions were linear in the whole selected ranges for all three
compounds. The spectrum obtained by the analysis of the
sample containing 1�10–12mol/L of target compounds can be
seen in the Fig. 6. Two model samples containing 1�10–12 and
1�10–11mol/L of all target compounds were prepared to test
the calibration. Results obtained by the analysis of these model
samples are given in the Table 3. It can be seen that the analysis
of sample mixtures brought some difficulties that were reflected
in a relatively lower obtained correlation coefficients (compared
with an analysis of standards), but the method is suitable for a
screening analysis of selected compounds in the mixture on very
low concentration levels.

Figure 5. Influence of pH value of analyzed sample mixture on
corresponding SERS spectra.

Table 2. Summary of the obtained results of the calibration experiment.
Calibration is based in a linear model (y=Ax+B)

Calibration; y = Ax + B LOD

A (mg/L) STD B (mg/L) STD R2 mol/L

Xantine 0.82 0.01 3.44 0.21 0.99 2�10–15

Hypoxantine 1.82 0.02 213.74 1.25 0.92 1�10–14

Adenine 2.82 0.01 0.04 0.01 0.99 1�10-–15

STD, standard deviation.
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Concluding remarks

A method for the analysis of model sample mixtures of selected
nucleotides was developed. This method is based on the use of
SERS spectroscopy with Fourier transformation. Adenine, hypoxan-
thine, and xanthine were selected as model analytes. The obtained
limits of detection are in the units of femtomols for adenine and
xanthine and in tens of femtomols for hypoxanthine. By the analysis
of model sample mixtures containing all three selected com-
pounds, it was shown that the obtained RSD is on average 5% (from
4.5% to 5.5%) for both selected model samples.
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Reproducible discrimination between Gram-positive and Gram-negative
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The on time diagnostics of bacterial diseases is one of the essential steps in the foregoing treatment of

such pathogens. Here we sought to present an easy to use and robust method for the discrimination

between Gram-positive (Enterococcus faecalis and Streptococcus pyogenes) and Gram-negative

(Acinetobacter baumannii and Klebsiella pneumoniae) bacterial genera based on surface enhanced

Raman scattering (SERS) spectroscopy. The robustness of our approach lies in the novel method for

the production of the SER substrate based on silver nanoparticles and their subsequent re-

crystallization in solutions containing high concentrations of chloride ions. The method presented here

could be an interesting alternative both to commonly used histochemical approaches and commercial

SERS substrates.

Introduction

The targeted and effective therapy of bacterial diseases demands

a utilization of rapid methods of identification of such patho-

gens, however many of the classical techniques, developed over

the past years are time-consuming and often require additional

resources, from financial to human.1 These conventional immu-

nohistochemical techniques often involve the overnight culture

of bacteria in a suitable growth medium to grow colonies large

enough for detection, and usually require advanced medical

personnel trained in bacteriology.1–3 Therefore, the development

of rapid, accurate, and preferably automated methods for the

identification of microorganisms is highly demanding. Ideal

methods for rapid microbial characterization include those that

require minimal sample volume, permit automated analysis with

negligible reagent costs, and allow a rapid sample characteriza-

tion. Optical spectroscopies such as vibrational spectroscopy,

fluorescence, and photoluminescence are promising analytical

tools in this field. In comparison to fluorescence and lumines-

cence methods, vibrational spectroscopy is able to provide

specific chemical information on the analyte. Typical vibrational

spectroscopy (IR or FT-IR spectroscopy) is not optimal for

biological samples due to the absorption of IR photons by ever-

present water molecules. On the contrary, Raman spectroscopy

is better suited to application in aqueous environment. However,

the Raman effect is particularly weak and analyses require long

collection times and high laser power even for highly concen-

trated samples. This drawback can be overcome by the exploi-

tation of surface enhanced Raman spectroscopy (SERS) which

has become an increasingly relevant analytical tool that enables

the detection of analytes in pico- to femtomol concentrations.4–9

Considerable enhancements in SERS have allowed the detection

of individual molecules adsorbed on a single silver particle.10–13

SERS has been utilized for the study of various bacteria, e.g.,

Bacillus cereus, Bacillus subtilis, Bacillus anthracis Sterne,

Bacillus thuringiensis, Salmonella typhimurium,14–20 Bacillus

megaterium,21–23 Pseudomonas aeruginosa,18,21,24 Staphylococcus

cohnii,23,25 Listeria monocytogenes,26,27 Helicobacter pylori,28

Shigella sonnei, Proteus vulgaris, Erwinia amylovara,29,30 Escher-

ichia coli,23,27,31–36 Staphylococcus aureus,37,38 and Shewanella

oneidensis.39

Measurements of the above-mentioned bacteria were per-

formed using instruments with various excitations, mainly in the

UV/Vis region (between 244 nm and 830 nm) and using various

(mainly based on Ag and Au nanoparticles) substrates. It is

worth mentioning that for SERS instruments equipped with red

lasers (780 nm, 830 nm), gold particles or arrays and aggregates

of gold particles are commonly used.14–34 Utilization of NIR

($800 nm) excitation can be more advantageous for biological

samples to avoid most of the background fluorescence. In these

cases, for example, a substrate based on 80 nm Au nanoparticles

is involved.15,33,40 Accordingly, for different laser wavelength,

miscellaneous substrates must be applied. This may be prob-

lematic when interpreting and comparing the spectra as the

resulting SER spectrum depends on the excitation wave-

length.33,41 Although hundreds of papers are published annually
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referring to the applicability of this method for the detection of

a growing number of analytes, there are only a few commercial

SERS substrates. Recently, we presented a simple, easy-to-use,

and reproducible technique for obtaining a SERS substrate

based on the re-crystallization of silver nanoparticles (NPs)

which is applicable both for visible (488 nm) and near infrared

(1064 nm) excitation wavelengths.42

In this work, we used this technique for a rapid identification

and discrimination of selected biologically relevant Gram-posi-

tive (Enterococcus faecalis and Streptococcus pyogenes) and

Gram-negative (Acinetobacter baumannii and Klebsiella pneu-

moniae) bacterial lysates.

Experimental

Preparation and activation of silver nanoparticles

Ag NPs, with a diameter of approximately 28 nm, were synthe-

sized by a reduction of the complex [Ag(NH3)2]
+ cation with D-

maltose.42 The initial concentrations of the reaction components

were 10�3 mol$L�1 and 10�2 mol$L�1 for AgNO3 and maltose,

respectively. The concentration of used ammonia was 5 � 10�3

mol$L�1. Sodium hydroxide solution was added to the reaction

system to adjust the value of the pH to 11.5 � 0.1, as well as to

achieve a reaction time of 3–4 minutes. All chemicals were

purchased from Sigma-Aldrich and used as received. The as-

prepared aqueous dispersion of silver NPs was used for the

subsequent experiments without any additional modifications.

All the measurements were performed at the laboratory

temperature (20 �C).
The specific treatment procedure for SERS measurements was

as follows: 0.2 mL of the stock dispersion of Ag NPs was diluted

with 0.7 mL of deionised water and then 0.1 mL of 4 M NaCl

solution was added. After adding chloride ions to the diluted

dispersion of Ag NPs, the solution was quickly mixed and finally,

an amount of 0.05 mL of bacterial lysate was added. Lysates of

bacterial cells were de-frosted immediately before measurement

with the FT-Raman instrument. The Raman spectra were

recorded 10 min after incubation.

Preparation of bacterial lysates

Bacterial lysates were prepared using 24 hour cultures of the

standard reference strain of Enterococcus faecalis CCM 4224

(from the Czech Collection of Microorganisms (CCM), Faculty

of Science, Masaryk University Brno), Streptococcus pyogenes,

Klebsiella pneumoniae, and Acinetobacter baumannii were

obtained from the Teaching Hospital Olomouc, Czech Republic.

All tested microorganisms were stored in cryotubes (ITEST plus,

Czech Republic) at �80 �C. Well isolated colonies of the above-

mentioned bacteria were transferred to 5 mL of Mueller Hinton

Broth (Becton Dickinson, France) so that the resulting density

was equivalent to the 0.5 McFarland turbidity standard. Each

strain was separately inoculated into Mueller Hinton Broth.

Subsequently, the broths were placed in a thermostat for 4 hours

at 37 �C. Following incubation, the broths were centrifuged at

2000 rpm for 10 min. The supernatant was removed and the

bacterial pellet was resuspended in 1 mL of distilled water. The

suspension was frozen at �72 �C for 10 min and then thawed

completely in a water bath at 37 �C. This step was repeated 10

times. The obtained bacterial lysate was diluted with distilled

water using a densitometer to 2 � 105 lysed bacteria per mL.

Instrumentation

The size of the silver particles was determined by a dynamic light

scattering method (DLS) using a Zeta Plus analyzer (Broo-

khaven, USA). TEM observations of the silver NPs were per-

formed with a JEM 2010 (Jeol, Japan) electron microscope

operating at an acceleration voltage of 160 kV. UV/Vis absorp-

tion spectra of silver NP dispersions were acquired by using

Specord S 600 (Analytic Jena AG, Germany) and Lambda 35

(Perkin Elmer) spectrophotometers. Experiments concerning the

usage of Raman spectrometry were performed using an FT-IR

spectrometer (Nicolet FT-IR 6700, USA) with a Raman acces-

sory (NXR FT-Nicolet module, USA) equipped with a liquid

nitrogen-cooled germanium detector. An FT-Raman was

equipped with an Nd:YAG laser with a wavelength of 1064 nm,

512 scans for each measurement were acquired and averaged,

laser power incident onto a sample was 300 mW. Spectra were

measured in the range from 500 to 2000 cm�1.

Results and discussion

Recently, we have introduced an activation procedure for the

purposes of SERS based on the re-crystallization of Ag NPs. The

advantages of this procedure include its reproducibility, robust-

ness, and possibility of application for both visible and near

infrared excitation.42

The primarily prepared Ag NPs are nearly monodispersed

with an average particle size of about 25 nm and exhibit long-

term stability (�2 years). It is known that an application of such

small NPs without further treatment is not usually effective for

SERS as these NPs usually do not provide any significant

enhancement of the Raman signal. The generally used proce-

dures of Ag NPs activation for SERS use an addition of inor-

ganic (especially chloride) ions, generally at low concentrations

of about 0.1–10 mM. In our approach, here, we used very high

final concentrations of chlorides (400 mM). Such a large amount

of chloride ions induces the rapid recrystallization of primary Ag

NPs to crystallites with sizes of around 400 nm.42 The recrys-

tallization process of Ag NPs proceeds within 15 minutes and can

be monitored visually or more precisely by recording the UV/Vis

absorption spectra (Fig. 1).

We employed the recrystallized particles together with NIR

excitation for SERS of a selection of an important population of

Gram-positive (Enterococcus faecalis and Streptococcus pyo-

genes) and Gram-negative (Acinetobacter baumannii and Kleb-

siella pneumoniae) bacterial lysates with the aim of distinguishing

between these bacterial genera. Typical recorded SER spectra of

these bacteria after subtracting the blank (activated silver parti-

cles without addition of bacterial lysate) are shown in Fig. 2.

Several identical bands for Gram-positive and Gram-negative

bacteria can be identified from the measured spectra. It is worth

noting that from a bio-molecular point of view, bacterial lysates

are a very complex ‘‘cocktail’’ containing proteins, saccharrides,

DNA, RNA, etc. However, a substantial part of this mixture

contains peptidoglycans consisting of N-acetylglucosamine, N-

acetylmuramic acid, and some amino acids (mainly alanine and

This journal is ª The Royal Society of Chemistry 2012 Analyst, 2012, 137, 2866–2870 | 2867
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glutamic acid). Peptidoglycans represent about 80% of the dry

mass of Gram-positive bacteria and around 20% of the dry mass

of Gram-negative bacteria. Just the most intensive bands may be

assigned to the above mentioned compounds (Table 1).

Only the positions of these main bands cannot be used for

discriminating between Gram-positive and Gram-negative

bacterial lysates. For the purposes of discrimination, a compar-

ison of the absolute intensity of the main absorption bands could

be applied only when the constant amount of bacteria in the

analyzed samples is guaranteed. Fortunately, some peaks are

present only in the spectra of Gram-positive and other ones in the

spectra of Gram-negative bacterial lysates. These regions are

observed at about 700 cm�1, 1200 cm�1, and 1600 cm�1. For the

verification of the reproducibility of this activation procedure for

bacterial analysis and for verification of the possibility of dis-

tinguishing between the mentioned Gram-positive and Gram-

negative bacterial genera, several samples of lysates from each

type of bacteria were analyzed separately after 10 minutes of

incubation with activated silver particles. Firstly, each spectrum

obtained by an analysis of every respective lysate was evaluated.

The data analysis was not based on the direct comparison of

a few discrete peaks but on a comparison of the whole spectra.

Measured spectra were subjected to a statistical evaluation using

the R statistical environment (open-source data processing tool,

Vienna, Austria). Firstly, before the main data evaluation was

carried out, normalization of all the obtained datasets was per-

formed. It was based on a mathematical comparison of each

respective experimental point with its baseline level given by

a measurement of the blank sample (sample mixture without an

addition of bacteria lysates). Regarding the data reproducibility,

in Fig. 3, we show as an example the measured data for

Enterococcus faecalis. It is clear that the spectra are very close to

each other and statistical evaluation confirms this finding. The

reproducibility of the obtained data was investigated on each of

two repetitive spectra for all the particular bacteria (8

measurements per one bacterial population), and no statistical

difference (paired t-test, p < 0.05) was found. The reproducibility

of the measurements is further expressed by the calculated mean

RSD values of all the evaluated peak areas found in the spectra.

Total relative standard deviances are summarized in Table 2 and

vary from 0.21% for Streptococcus pyogenes to 1.34% for Kleb-

siella pneumoniae. Secondly, the obtained datasets (full spectral

range), were subjected to a cluster analysis, where Gram-positive

(Enterococcus faecalis and Streptococcus pyogenes) and Gram-

negative (Acinetobacter baumannii and Klebsiella pneumoniae)

cultures were evaluated. Fig. 4 shows the results of this analysis,

and it can be seen that the Gram-positive bacteria, Enterococcus

faecalis and Streptococcus pyogenes form two distinct clusters (A

and B, respectively), and thus can be further distinguished.

Gram-negative bacteria, C: Acinetobacter baumannii and D:

Klebsiella pneumoniae form also two clusters, considerably

distinguished from Gram-positive bacteria.

The use of cluster analysis presents an alternative approach for

bacterial characterization, and compared to the evaluation of

particular peaks, presented in the spectra, this approach fully

evaluates the whole spectral range and thus more objectively

Fig. 1 The time dependence of UV/Vis absorption spectra recorded over

15 minutes after the addition of NaCl solution to a Ag NP dispersion

(final concentration of chlorides equal to 400 mM).

Fig. 2 Representative SERS spectra of bacterial lysates: (A) Entero-

coccus faecalis, CCM 4224, (B) Streptococcus pyogenes, (C)Acinetobacter

baumannii, and (D) Klebsiella pneumoniae.
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compares data between individual spectra while keeping the

whole procedure as simple as possible.

Conclusions

Herein is presented a robust, rapid and easy to use methodo-

logical approach, based on SERS, which enables the character-

ization of pathogenic microorganisms. The method consists of

a simple technique for the reproducible fabrication of a SERS

substrate, and a straightforward evaluation of the obtained data.

Its applicability was demonstrated by the successful

discrimination between Gram-positive (Enterococcus faecalis

and Streptococcus pyogenes) and Gram-negative (Acinetobacter

baumannii and Klebsiella pneumoniae) bacteria. Compared to

Table 1 Assignment of SERS bands

Enterococcus
faecalis

Streptococcus
pyogenes

Acinetobacter
baumanii Klebsiella pneumoniae Band assignment

711 715
734 Ring breathing (adenine)

850 850 854 n(CNC) alanine, symm stretch CON
1004 1004 1004 1004 CC ring breathing (polysaccharide)

1078
1132 1132 1132 1132 n(COC), ring breathing

1182 Amide III
1236 1236 1236 1236 Amide III
1279 1263 1263
1394 1394 1394 1394 n(CO2) (a-aminoacids
1456 1456 1456 1456 COH (oligosaccharides)
1556 1552 N-Acetyl related bands
1587 1583 d(NH) and n(CN) amide II
1649 n(C]O) amide I

Fig. 3 SERS spectra of Enterococcus faecalis, CCM 4224. Measurements were repeated 8 times (F1–F8).

Table 2 Total relative standard deviances determined by evaluation of
all peak areas in the spectra of the selected bacteria

Enterococcus
faecalis

Streptococcus
pyogenes

Acinetobacter
baumannii

Klebsiella
pneumoniae

0.23% 0.21% 0.76% 1.35%
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classical histochemical methods, usually employed in this field,

which are based on the staining of a previously grown bacterial

population, the method presented here is an interesting alterna-

tive with clearly defined potential.
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Discrimination of circulating tumor cells of breast cancer
and colorectal cancer from normal human mononuclear
cells using Raman spectroscopy

Václav Ranc,*a Josef Srovnal,b Libor Kv́ıteka and Marian Hajduchb

Circulating tumor cells present an important marker of the progress of several cancer diseases including

breast and colorectal cancer, and enables an interesting prognosis and diagnostic options that can

complement convenient diagnostic techniques based on several imaging methods. Based on its

relevance, the analysis of such kinds of cells is within the scope of many research and clinical institutes;

however, it still presents a difficult task. Here we used a state-of-the-art micro-Raman microscopic

technique to enhance possibilities in the study of circulating tumor cells and their further

differentiation. As cytospins present a convenient form of sample collection and preparation, we used

this form of sampling as the initial point. Raman presents a non-destructive form of sample analysis and

thus the samples can be further used for a method validation. We have considered the influence of

fixation methods of the cells, where we found out that the ability of Raman spectroscopy to

differentiate between three cell lines strictly depends upon the sample preparation method used.

Namely breast (BT 549) and colorectal (HCT 116) circulating tumor cell lines and human mononuclear

cells were compared. Methanol and paraformaldehyde methods of fixation were compared to simple

drying out of the sample. It has been shown that drying out of the cells enables the best performance

to be obtained in cell differentiation and this is demonstrated by the use of principal component

analysis, where all three given cell lines were differentiated with a high level of confidence. Next, the

cells were also scanned using 1 mm spatial resolution. The acquired data were visualized using both

chemigrams and hierarchical clustering analysis.

1 Introduction

Cancer represents one of the most serious diseases in the world,
and a development of methods able to diagnose its early stages
is thus very demanding. Among different types of cancer, breast,
non-small cell lung cancer and colorectal cancer represent the
most dangerous types.1 It is worth mentioning that breast
cancer incidence is increasing at 1.5% per annum and repre-
sents almost 20% of all cancer types in woman and is the
commonest cause of cancer death for women.2 Colorectal
cancer (CRC) presents a serious public health problem: it is the
second leading cause of cancer mortality in the modern world,
next to a lung cancer. Each year there are nearly onemillion new
cases of CRC diagnosed worldwide and half a million deaths.3

Nowadays, the tumor staging is mainly focused on local tumor
extension, metastatic lymph node involvement, and evidence of
overt distant metastasis obtained by imaging technologies such

as PET scan, MRI, CT, mammography and others.4 However, the
sensitivity of mentioned staging procedures is very limited and
the detection of early tumor cell dissemination as a key event in
tumor progression can thus be problematic. Many research
teams have therefore aimed their research scope at the devel-
opment of sensitive assays allowing the specic detection of
single tumor cells. An emerging approach to detect metastasis
is the analysis of circulating tumor cells (CTCs), which has
recently shown promise in lling gaps le by the previously
mentioned imaging techniques. CTCs are tumor cells origi-
nated in primary tumor sites or metastases, respectively. These
cells are circulating in a patient's blood stream and are not
usually found in the healthy population.5 CTCs are usually
analyzed using several established procedures including mRNA
markers,6–9 membrane micro lters,10 ow cytometers,9,11,12 or
by an evaluation of morphology.13 Recent progress in micro-
uidic techniques has led to new detection strategies able to
detect low volumes of samples and with increased efficiency.12

Spectroscopic methods based on IR and Raman spectroscopy
present an interesting alternative to commonly used techniques
and have the strong potential to become used on a more
common basis. There have been some pilot works already
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published on the theme of the detection of CTCs, which show
its current state and potential.14–19 For example, Kim et al. have
shown the potential of SERS biotags in the analysis of cancer
cells using composites based on silver with attached antibodies,
which were able to detect cancer cells based on their receptors
on the cell surface.20 Noh et al. updated this idea with the
incorporation of a magnetic core so that the tumor cells could
be separated from the presented matrix.21 Analysis of CTCs
presents an interesting eld, where only a little research has
been performed so far. Neugebauer et al. have performed initial
pilot studies in the analysis of circulating tumor cells using
MicroRaman imaging, where they sought to distinguish
between various cells presented in human blood.15,22 The
method was performed in aqueous medium. However, analysis
of CTCs on cytospins, where common sample procedures are
taken into account has, at present, received little or minor
attention. The main advantage lies in the possibility of
analyzing cells using non-destructive spectral technique such as
Raman spectroscopy, and aerwards validating the results
using the classical histochemical approach.

Here we sought to evaluate the potential of Raman spec-
troscopy in the discrimination of CTCs from normal human
lymphocytes and between two cancer cell lines, namely breast
cancer (BT 549) and colorectal cancer (HCT 116) cell lines. Our
goal was to achieve a suitable level of discrimination on cyto-
spin cell samples, where three different approaches to cell
xation were compared: drying out, methanol and para-
formaldehyde, respectively. The importance of a selection of
suitable xation agent has already been proved on cultured
exfoliated oral (buccal) mucosa cells and HeLa cells,23,24 where
the basics of spectral cytopathology were also discussed. It was
found that xation does not inuence the quality of Raman
spectra over time and has no or only aminor effect, compared to
changes induced by diseases. However, the inuence of
different xation procedures on the quality of spectra has not
been described in detail so far, and presents an important
aspect which is covered in this work. The analysis described
here is based on a commonly used procedure of sample prep-
aration: cytospinning. In his way, prepared samples of cells
present a convenient approach and thus their further applica-
tion in Raman spectroscopy can present a potentially strong
alternative source of information, where the samples can be
further used in morphological and histochemical studies.

2 Experimental
2.1 Preparation of cells for Raman measurements

The HCT 116 cell line was purchased from Horizon Discovery
(Cambridge, UK) and maintained in McCoy's 5A medium with
2 mM glutamine, 100 U mL�1 penicillin, 100 mg mL�1 strep-
tomycin and 10% fetal calf serum. The BT 549 cell line was
purchased from Charles River laboratories (Wilmington, MA,
USA) and maintained in DMEM/RPMI 1640 with 5 g L�1

glucose, 100 U mL�1 penicillin, 100 mg mL�1 streptomycin and
10% fetal calf serum. Human mononuclear cells from blood
were isolated by an osmotic lysis method using hypotonic lysis
buffer (containing 1.55 M NH4Cl, 0.1 M NH4HCO3 and 1 mM

EDTA). The mixture of mononuclear cells and BT 549, resp.
HCT 116, were prepared at a 1 : 1 ratio in phosphate buffered
saline (PBS) and centrifuged at 500 rpm for 5 min in the cyto-
spin chamber on glass slides (Cyto-tek Cytocentrifuge, Sakura,
Torrance, CA, USA). Cytospins were dried and then xed using
methanol or paraformaldehyde.

2.2 Apparatus

Raman spectra of the cytospins were acquired using a Thermo
Scientic DXR Raman Microscope (Thermo Electron, USA)
equipped with laser operating at the 532 nm wavelength. The
laser power on sample was set up to 10 mW and the measured
range was 40–1800 cm�1. The exposition time was set to 5 s with
3 expositions per spectrum. Sixteen spectra were averaged to
obtain one experimental data point. Each chemigram shown
of the respective tumor cell was acquired using a spatial reso-
lution of 1 mm. Experimental points are averages of 16 inde-
pendent scans.

2.3 Data processing

All of the obtained spectra were processed using custom scripts
written in Matlab (Version 2012a, Mathworks, USA). Each
spectrum was compared with a spectrum of a corresponding
blank point (average of 16 measurements of a glass platform),
where individual blanks were measured for each platform.
Consequently, spectra were smoothed using the Savitsky–Golay
algorithm with a convolution coefficient of 5 and vector
normalization. Next, normalization of the spectra was per-
formed by the subtraction of individually calculated polynomial
functions from each spectrum, where the polynomial function
was calculated using a tting algorithm. This algorithm served
as a tool to nd a best tting polynomial function for each
respective evaluated spectrum.

2.4 Acquisition of the chemigrams

Firstly, samples of dened cells of cancer cell lines were scan-
ned over using a micro stage Raman accessory. Firstly, 10
spectra of each cell were obtained. Scanning parameters were
then set accordingly to obtained results. Consequently, one cell
of each population was scanned using high-resolution mode
(total spatial resolution was set to 1 mm). Chemigrams were
plotted using Atlus soware (Thermo Electron, USA) and ENVI
(version 5.0, Excelis visualization solution, USA).

2.5 Spectral image processing

Firstly, data obtained by the spectral characterization of each
cell at 1 mm spatial resolution were vector normalized and the
spectrum of a blank spot was subtracted from each data point.
Data were then truncated to the 450–1800 cm�1 region and were
transferred to statistical imaging soware ENVI (version 5.0,
Excelis visualization solution, USA) for further data mining,
where hierarchical clustering and main data imaging were
performed. The hierarchical cluster analysis was performed by
means of nding the best number of clusters, where 3–11 were
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tested. Finally, 4 clusters were selected as the most suitable and
corresponding imaging was performed.

2.6 Principal component analysis

Previously normalized and smoothed spectra were processed
using analysis of the principal components in TQ Analyst so-
ware (Thermo Electron, USA). The spectra were truncated to
regions holding the information and analysis was processed in
the region from 450 to 1800 cm�1.

3 Results and discussion

First, glasses with prepared cytospins (size of 1000 � 1000 mm),
containing 40 000 cells were preliminarily scanned over using a
low-resolution image processing mode with a spatial resolution
of 100 mm; the obtained results were used for the optimization
of sample processing, laser adjustments and set up of the
optics. Aerwards, 240 scans were acquired randomly over the
population of the cells. Representative spectra are shown in
Fig. 1; they are averages of all acquired scans over each cell line
prepared using three described xation approaches, namely:
dried out sample, methanol and paraformaldehyde xation.

It can be seen that there are considerable spectral differences
among the different cell lines. These differences probably
originate in nuances between the surfaces of the evaluated cells,
and this part is measured in our experimental design. The
differences between surface compositions of diverse cell lines
observed here can be caused by a distorted expression of many
proteins and overall chemical changes on the cell surface. These
changes are causally projected to variability in a chemical
composition of such surfaces that have been previously
described, e.g. in the works of refs 25–28, where mainly carbo-
hydrates and proteins were taken in account. In Fig. 1, it can be
seen that various xation protocols lead to considerable
differences in the measured spectra; however, these averaged
spectra contain complementary information. It can be seen that
all spectra contain similar bands, but of considerably different

intensities. The use of methanol and paraformaldehyde
increases bands corresponding to membrane proteins pro-
jected at the following wavelengths: Amide I (1655 cm�1),
Amide II (1586 cm�1 and 1559 cm�1), protein band (1441 cm�1)
as well as nasPO2

� (1244 cm�1). Among the strong bands can
also be found band of carbohydrates at 1171 cm�1 and glycogen
at 1014 cm�1. The explanation can lie in the fact that the use of
methanol as a xation agent is washing out most of the
membrane lipids and thus is removing one of the key points
of difference between the cell lines.29 On the other hand,
information regarding protein composition remains strong
and the overall sample matrix is simplied. A similar effect
can be induced by the use of paraformaldehyde.30 It is worth
mentioning that the spectral differences among data acquired
on the same cell line are lower than 10% (measured as relative
standard deviance, RSD, between spectral points).

Differences between all three tested samples were statisti-
cally evaluated using principal component analysis (PCA), per-
formed on all measured data. The results of such analysis are
shown in the upper image of Fig. 2 for the drying out sample
xation method, and in the bottom images of Fig. 2 for meth-
anol and paraformaldehyde, respectively.

Data obtained from dried out samples indicate that the
method has the potential to differentiate among cancer cell
lines and normal human lymphocytes (PBMC, O) as well as
differentiating the HCT 116 (B) and BT 549 (,) cell lines,
because the experimental data points are centered in clusters
with a considerable distance between them. BT 549 represents a
case with a relatively high degree of difference, compared to
mononuclear cells (PBMC) and HCT 116 cells. This fact can be
interpreted by considerable changes in expression rates of many
proteins on the cell surface. Moreover, differences in different
gene expressions are also reected in the morphology of such
cells. Leucocytes were separated from the other two clusters,
too, but with a smaller separation factor from the HCT 116 cells,
given by their surface similarities. On the other hand, data from
methanol and paraformaldehyde xation gave moderately

Fig. 1 Spectral characterization of the cell lines acquired on samples with three different protocols of fixation, including dried out samples ( ), methanol ( ) and
paraformaldehyde ( ) fixation.
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worse results, although it is still possible to differentiate these
cell lines from PBMC; however, it is not possible to differentiate
cancer cell lines any further as can be seen in the bottom images
of Fig. 2. This can be caused by the absence of membrane lipids,
which hold important information. The overall amount of
discrimination can be further described using the Mahalanobis
distance, which calculates the distances between standards and
clusters. Standards obtained by drying out (Fig. 2 upper image),
coming from different cell lines, are completely separated and
the distance between the classes is from 1 to 2.5. On the other
hand, the distance between members of the same class is in
orders of tenths.

However, the multiple-point spectral characterization of
given samples does not give complete information regarding
the cell surface, which could provide advanced information
about the cell itself and thus help to understand the substantial
differences between different cancer cells. Such a type of surface
analysis presents common tasks; however, only on specically
prepared samples. Here we explored a possibility of reading
information about the cell surface from the cytospins provided
as a common sample preparation technique. In this way
prepared samples can be thus further used in histochemical
and morphological experiments and provide additional,
complementary information. Moreover, cytospins are usually
used as a main sample preparation technique in the diagnosis
and prognosis of clinical cancer disease and thus the added
Raman spectral information can provide valuable added infor-
mation without any further sample processing. Here, high
resolution chemigrams, with a spatial resolution of 1 mm, of

each kind of measured cell line, prepared using drying out of
the cells were acquired. The number of scans for each spatial
point was set to 16, where this amount of experimental points
was found to suit a desired level of the signal/noise ratio. The
resulting images are shown in Fig. 3.

BT 549 represents the breast cancer circulating cells and
HCT 116 stands for the colorectal carcinoma circulating cell
line, respectively. The microscopic images (parts C and F) were
acquired using a built in microscope with 50� magnication;
part of the MicroRaman microscope used. Fig. 3 also shows two
sets of visualizations for both cell lines. First column represents
chemigrams (parts A and D) of the cells processed using the
ENVI visualization soware. Images were acquired by the pro-
cessing of all acquired bands in the range of 400–1750 cm�1,
where all acquired data points were taken in account and
compared. Differences between the obtained spectra are shown
as different shades of grey. It is well known that the cell surface
is a very complex and inhomogeneous matrix, which is sup-
ported by the results obtained here. The complexity of the cell
surface was also evaluated by the visualization of results of
hierarchical clustering performed on the obtained spectra
(parts B and E). This process allowed a deeper study of the
marginal changes in spectral data obtained at different spatial
points. The best tting number of clusters was found out to be
four (tested from 2 to 11, data not shown here), based on the
comparison and evaluation of the microscopic images and
chemigrams obtained in the previous steps with the results of
the hierarchical analysis. It can be seen that our processing is
able to distinguish between cells and background and is able to

Fig. 2 Graphical expression of the principal component analysis of data obtained by evaluation of dried out samples (upper image) and methanol and para-
formaldehyde fixation (bottom images). Cells of the same cell line are centered in respective clusters, where the distance between the clusters represents the level of
discrimination (Mahalanobis distance).
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process small differences across cell surfaces as well. Set colors
present clusters of spectra with a dened level of similarity and
on the other hand, difference between colors shows on a spec-
tral difference among clusters. As can be seen in Fig. 3, differ-
entiation between organelles is not possible; however, the
information provided by the analysis can be helpful in future
method development and statistical data evaluation.

4 Conclusions

The effect of cell xation approach plays a key role in the eval-
uation of cells using various optical methods, including Raman
and IR spectroscopy. Its effect originates in processes that take
place during a xation and immediately aer the xation is
completed. It was found out that the chemical structure of the
cells remains unchanged aer the xation is nished and thus
they can give comparable spectral information, when measured
aer a few days or a few years of storage.23,24 We have evaluated
the effect of the cell xation approaches, namely dried out
samples, methanol xation and paraformaldehyde xation, on
the discrimination of breast circulation cells, colorectal carci-
noma circulation tumor cells and human normal lymphocytes.
We have found that the cell xation protocol plays a crucial role
in the process of discrimination, where the best results were
obtained using the dried out samples. These results indicate
that all three evaluated cell lines can be discriminated at a
signicant statistical level using principal component analysis
performed on previously normalized data.

Next, visualization of cells, especially their surfaces, plays a
key role in the process of their characterization. We have per-
formed a data visualization using various approaches, namely
chemigrams, based on the evaluation of all acquired spectral
bands and also visualization based on ahierarchical clustering,
where 4 clusters were selected as the best for our experimental
data. As a complementary data source, optical microscopic
images were also acquired. All three visualization protocols give
information about the cells, where chemical visualization also
gives results regarding the chemical composition of the cell
surface.
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ABSTRACT: The dopaminergic neural system is a crucial part of
the brain responsible for many of its functions including mood,
arousal, and other roles. Dopamine is the key neurotransmitter of
this system, and a determination of its level presents a demanding
task needed for a deeper understanding of the processes, even
pathological, involving this brain part. In this work, we present a
method for a fast analysis of dopamine levels in samples of
cerebrospinal fluid and mouse striatum. The method is based on a
nanocomposite composed of magnetite and silver nanoparticles,
whose surface is modified with iron nitriloacetic acid (Fe-NTA)
a dopamine-selective compound. The magnetic properties of this
nanocomposite enable simple separation of targeted molecules
from a complex matrix while the silver acts as a platform for
surface-enhanced Raman scattering (SERS). Silver and magnetite
nanoparticles are joined by carboxymethyl chitosan, useful in biological environments and enhancing the sensitivity due to the
presence of carboxyl groups. This system reveals a good stability and reproducibility. Moreover, rapid and simple quantitative
experiments show an improvement in the detection of dopamine levels in biological assays at low femtomolar concentrations.
The comparative data performed with clinical samples of mouse striatum show that the developed magnetic SERS is a strong
alternative to conventional high-performance liquid chromatography−mass spectrometry (HPLC−MS) with even several
superior aspects including faster and cheaper analysis and no necessity of sample preconcentration or derivatization.

The ability to predictably relate a physiological level of
dopamine in selected brain systems to its current state and

find a logical correlation in a diagnosis and prognosis present an
important task of neurochemistry and neurophysiology. Basal
dopamine levels are connected to basic brain functions, where
the importance of this particular excitatory neurotransmitter is
underlined by its many roles in a brain regulation and
modulation.1 Disturbed concentration levels of this neuro-
chemical had been previously connected to various pathologic
states such as Parkinson’s or Alzheimer’s disease.2 In the light of
these premises, the knowledge of dopamine concentration
levels thus plays an important role not only in a treatment of
those diseases but also in the study of basic brain functions.
Developing methods to determine dopamine levels in various
biological matrixes, from cerebrospinal fluid to blood, has a
long history. These days, the determination of neuro-
transmitters is usually performed using electrochemical or
mass spectrometric approaches.3 Regarding dopamine, electro-
chemical tools are able to determine levels of dopamine in vivo

at subnanomolar concentration levels.4 However, drawbacks of
such methods are related to their relatively low selectivity and
mechanical properties.5 Recently, some works have shown that
the signal of dopamine can be successfully separated from the
matrix using advanced voltametric approaches,6 where uric acid
had been taken as a model system. The ex vivo samples or
samples obtained by microdialysis approaches are usually
analyzed using chromatographic techniques (mostly high-
performance liquid chromatography, HPLC) with electro-
chemical (ECD) or mass spectrometric (MS) detection.7 These
methods have higher levels of selectivity, compared to direct
electrochemical determination; however, the sample prepara-
tion can be more complicated and analysis times are longer.
Electrochemical determination offers very low limits of
detection, usually at nanomolar limits, nonetheless with
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considerably lower selectivity compared to mass spectrometric
approaches. On the other hand, mass spectrometric approaches
are limited by higher limits of detection (LOD). These
drawbacks have been recently covered by an addition of
derivatization steps leading to a decrease of the LODs,8

however, usually for the price of method reproducibility and
reliability. The use of Raman spectroscopy in the analysis of
neurotransmitters can be an interesting alternative. Its usage in
the analysis of physiological levels of dopamine had not been
applicable before the surface-enhanced Raman scattering
(SERS) was discovered.9 The SERS approach offers very
interesting limits of detection allowing a detection of single
molecules with a relatively high level of selectivity given by the
method principle.10 This technique usually utilizes nano-
technology of nanoparticles (NPs) of noble metals such as
silver and gold, respectively.11 The selectivity of such methods
can be further increased using surface modifications of
respective nanoparticles, where antibodies are usually used.12

Analysis of samples where matrix presents a highly complex
system still presents a challenge, and simplification and time
efficiency are very demanding properties of newly developed
methods. Regarding SERS, the nanoparticles with magnetic
properties are one of the available ways.13 The ability to
magnetically separate the target from the complex matrix and
detect it using SERS presents a very interesting option and can
fill the gap left by the use of chromatographic approaches. The
preparation of Fe3O4/Ag nanocomposites has been deeply
studied, and many preparation procedures have been
published.14 Such nanocomposites have been already applied
in the SERS methods, e.g., in the analysis of circulating tumor
cells,15 proteins,16 or lung cancer.17

In this work, we present a new rapid method for the analysis
of dopamine levels in artificial cerebrospinal fluid and in a mice
striatum. This brain system plays an important role in many
behavioral functions including reward and addiction. This
method was designed to work with low sample volumes
obtained during commonly used extraction procedures. In
principle, magnetic nanobeads with bonded silver nanoparticles
are used as substrate, which allows easy sample cleanup and
foregoing magnetic separation of the target analyte from the
unwanted compounds in the matrix (salts, proteins, peptides,
sugars, etc.). The surface of the silver particles is covered with
dopamine-selective reporter compounds (α,β-nitriloacetic acid
and Fe(NO3)2; Fe-NTA), allowing specific detection of
dopamine using SERS after a previous sample cleanup. This
method offers multiple advantages for implication and
detection such as sample cleanup in an easy way, method
selectivity, and ultralow detection limits (femtomolar) for
dopamine. High selectivity is achieved via a two-step signal
evaluation. First, dopamine is attached preferably to the
reporter molecule (Fe-NTA), and second, its structure is
confirmed by its characteristic SERS spectrum. This method
achieves femtomolar limit of detection using novel magnetic
nanocomposite of magnetite and silver nanoparticles with a
high amplification factor for dopamine (1 × 1010). Compared
to previously used approaches,18 where similar silver nano-
particles with Fe-NTA and SERS were used, these methods
showed detection limits hundreds of times lower and moreover
required an additional potential of sample preconcentration,
cleanup, and analysis automation through an introduction of
magnetic composite. Compared to more conventional
chromatographic approaches, the method presented here has
considerably lower analysis times (sample measurement does

not exceed 2 min, with a possibility to spot many samples on a
glass platform and measure them automatically) and thus
allows a more efficient way of analyzing large sets of samples
obtained by brain tissue extraction, while keeping a high level of
selectivity and robustness. This method is thus potentially
applicable in a clinical and diagnostic praxis performed on
human or nonhuman models, respectively.

■ EXPERIMENTAL SECTION
Chemicals. Sodium cyanoborohydride (p.a.), formaldehyde

solution (37 wt %, in H2O, p.a.), formaldehyde-d2 solution (20
wt % in D2O, 98 atom % D, p.a.), dopamine (p.a.), α,β-NTA
(Nε - (N -(+)-b iot iny l -6-aminohexanoyl) -Nα ,Nα -b i s -
(carboxymethyl)-L-lysine, p.a.), Fe(NO3)2 (p.a.), and NaCl
(Puriss) were bought from Sigma-Aldrich (San Jose, U.S.A.).
Silver nitrate (p.a.), chitosan of low molecular weight (chitosan
LMW, 75−85% deacetylated), 4-nitrobenzaldehyde (p.a.),
iron(II) chloride tetrahydrate (p.a.), and iron(III) chloride
hexahydrate (p.a.) were bought from Sigma-Aldrich Chemie
(Steinheim, Germany). Sodium hydroxide (p.a.), ammonium
hydroxide solution (28.0−30.0% NH3 basis), acetic acid
(99.8%), and methanol (p.a.) were obtained from P-LAB,
Czech Republic). All chemicals were used without further
purification. LC−MS grade acetonitrile and formic acid were
purchased from Fisher Scientific (New Jersey, U.S.A.) and
Fluka (Wisconsin, U.S.A.), respectively. Pure water was
prepared by GenPure system (TKA, Niederelbert, Germany).
Siliconized microcentrifuge tubes (2 mL) were purchased from
Eppendorf (Hamburg, Germany).

Preparation of m@cmCH@Ag@Fe-NTA Nanocompo-
sites. Magnetic nanocomposites with dopamine-selective
reporter compound (Fe-NTA) were prepared according to
protocols previously published by Markova et al.13b Briefly,
Fe3O4 nanoparticles were prepared using Massart coprecipita-
tion method.19 Nanoparticles were afterward modified using O-
carboxymethyl chitosan in order to increase the solubility and
biocompatibility of the nanocomposites via an introduction of
carboxyl groups according to protocols described earlier.19 As-
prepared nanoparticles were subjected to a reaction with
AgNO3 in order to produce nanocomposite m@cmCH@Ag
which was finally modified with Fe-NTA to induce selectivity
toward dopamine according to method described by Kayat and
Volkan.18 Presence of residual amine groups was evaluated
using protocols described by Bruce and Sen.22 In detail, the
procedure can be found in the Supporting Information,
experimental part.

Animals. An inbred strain of black mice (C57BL/6 n = 3)
was used in the experiments. Animals were housed under
constant temperature and humidity with free access to food and
water. All procedures with live animals were conducted using
protocols approved by a respective veterinary office of the
Czech Republic.

Sample Preparation: Standard and Model Samples.
The study of experimental parameters is based on the analysis
of four sets of samples containing defined concentration of
prepared silver−magnetite composites. First, test samples were
prepared as follows: dopamine of concentration 1 × 10−8 in
distilled water was prepared by a sequential dilution of stock
solution of dopamine with a concentration level c = 1 × 10−3

mol·L−1; similar samples were then prepared with considerably
lower concentration levels of dopamine: 10, 50, 100, 500, and
1000 fmol·L−1. Second, control samples containing artificial
cerebrospinal fluid (aCSF) with physiologically identical
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concentrations of salts were prepared. The aCSF was prepared
according to well-accepted protocols and contained following
concentration of salts and sugars: 124 mM NaCl, 2.5 mM KCl,
2.0 mM MgSO4, 1.25 mM KH2PO4, 26 mM NaHCO3, 10 mM
glucose, 4 mM sucrose, and 2.5 mM CaCl2.

20 The aCFS was
then used as a matrix for a preparation of model samples
containing 50 and 500 fmol·L−1 of dopamine, reflecting
physiological levels.21 All described samples were treated and
analyzed using a protocol described as follows: total volume of
98 μL of a modified composite was mixed with 2 μL of solution
containing dopamine, aCSF, or both. Composite was then
magnetically separated from the matrix and washed two times
in water. Finally, it was redispersed in 10 μL of pure distilled
water. From this solution 2 μL were dropped on a glass
platform and immediately measured using SERS. The whole
scheme of the analysis can be seen in Figure 1.
Sample Preparation: Samples of Brain Tissue Ana-

lyzed Using SERS. The male mice of 4−6 weeks old were
sacrificed, their brains were dissected, and the striatum parts
were carefully extracted. These parts were immediately stored
under dark conditions at −80 °C. Brain samples were then
subjected to an extraction procedure based on solid−liquid
extraction technique and sonication. One milligram of the
tissue sample was added to an Eppendorf tube containing 10
μL of acetonitrile/acetic acid (0.98/0.02, v/v) in total. Each
sample was homogenized, covered with a tin foil against light,
and put into an ultrasonic bath for 15 min. Two microliters of
sample extract were mixed with 10 μL of modified composite. It
was then magnetically separated, washed two times with
distilled water, and redispersed in 10 μL of distilled water. From
this solution, 2 μL were dropped on a glass platform and
immediately measured using SERS. The scheme of the SERS
analysis can be seen in the Figure 1.
Characterization Techniques. Fourier transform infrared

(FT-IR) absorption spectra were measured on an FT-IR
spectrometer Nicolet iS5 (Thermo Electron, U.S.A.) employing
attenuated total reflection (ATR) in a ZnSe crystal, using 64
scans with resolution of 2 cm−1. Air-dried samples were placed
directly on a ZnSe crystal. The FT-IR absorption spectra were
processed using ATR and baseline corrections.

Transmission electron microscope (TEM) images were
obtained using electron microscope JEOL JEM-2010 operating
at 160 kV with a point-to-point resolution of 1.9 Å. Energy-
dispersive X-ray spectrometry (EDS) measurements were
employed on NORAN System 7 X-ray Microanalysis system
(Thermo Scientific) combined with a scanning electron
microscope Hitachi SU6600 FEG, where for X-ray elemental
mapping images, accelerating voltage of 15 kV, working
distance 15 mm, and lifetime 4000 s were used. For all
microscopic techniques, a drop of a very dilute dispersion was
placed on the copper grid with holey carbon film and
subsequently allowed to dry at room temperature.
X-ray diffraction (XRD) patterns of all magnetite−polymer−

silver composites were recorded on a PANalytical X’Pert PRO
diffractometer (iron-filtered CoKα radiation: α = 0.178901 nm,
40 kV, and 30 mA) in Bragg−Brentano geometry, equipped
with an X́Celerator detector, programmable divergence, and
diffracted beam antiscatter slits. Magnetically preconcentrated
suspensions were dropped on a zero-background single-crystal
Si slide, allowed to dry by evaporation at room temperature,
and scanned in continuous mode (resolution of 0.017° 2θ, scan
speed of 0.008° 2θ/s, 2θ range of 20−105°) under ambient
conditions. The SRM640 (Si) and SRM660 (LaB6) commer-
cial standards from NIST were used for the evaluation of line
positions and instrumental line broadening, respectively. The
acquired patterns were processed (i.e., phase analysis and
Rietveld refinement) using X’Pert HighScore Plus software
(PANalytical, The Netherlands) and PDF-4+ and ICSD
databases (ICSD collection codes are Ag, 52545, and Fe3O4,
43001, respectively).
Raman spectra of given samples were acquired on the

Thermo Scientific DXR Raman microscope (Thermo Electron,
U.S.A.) equipped with a laser operating at 532 nm. The laser
power on the sample was set to 10 mW, and the measured
range was 400−1800 cm−1. Exposition time was set to 5 s with
three expositions per spectrum. Sixteen spectra were averaged
to get one experimental data point. Samples were measured as
follows: a droplet of volume of 2 μL containing prepared
sample mixture (defined in the previous section) was sampled
on a glass platform and immediately measured. Regarding the

Figure 1. (A) Schematic representation of selective dopamine binding using m@cmCH@Ag@Fe-NTA nanocomposite. (B) Scheme of analysis.
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measurements of calibration curves and repeated analysis of the
model and clinical samples, all samples were spotted on the
glass platform next to each other (distance = 3 mm) and
automatically measured using custom scripts written for the
automation software (Macros basic, part of the Omnic 8 suite,
Thermo Electron, U.S.A.).
Data Processing. All obtained Raman spectra were

processed using custom scripts written in the Matlab (version
2012a, Mathworks, U.S.A.). Each spectrum was compared with
a spectrum of corresponding blank point (average of 16
measurements of the currently used glass platform), where
individual blanks were measured before each experiment.
Consequently, spectra were smoothed using the Savitsky−
Golay algorithm with convolution coefficient equal to 5. Next,
normalization of the spectra was performed by a subtraction of
individually calculated polynomial functions from each
spectrum, where the polynomial function was obtained using
an in-house written fitting algorithm. This algorithm served as a
tool to find a best fitting polynomial function for each
respective evaluated spectrum.

■ RESULTS AND DISCUSSION
Characterization of m@cmCH@Ag Composites. Anal-

ysis of dopamine in a cerebrospinal fluid presents a relatively
important task given by a function of this neurotransmitter in
the brain tissue. Here, we sought to develop an easy to use
procedure for the analysis of this compound by SERS using
magnetic m@cmCH@Ag composites that can be easily
separated from a matrix using magnetic force. First, magnet-
ite−silver nanocomposite was prepared for this application
using modified mechanism described earlier by Markova et

al.13b In this procedure, silver ions are reduced on magnetite
surface via amine groups of polymer, which acts also as the
stabilizer of magnetic NPs. In this work, O-carboxymethyl
chitosan (cmCH) was used for surface modification of
magnetic NPs. Magnetite@cmCH hybrid (m@cmCH) was
prepared by adsorption of cmCH on NPs surface at acidic pH
(pH below isoeletric point) where magnetite NPs were
positively charged due to the formation of −FeOH2

+ groups.23

Infrared spectroscopy was used to determine the absorption
of polymer on the NPs surface, and the FT-IR spectra (cmCH
and m@cmCH, respectively) are shown in Figure 2a. The
characteristic bands of pure cmCH are observed at 3300−3300
(O−H stretch), 2885 (C−H stretch), 1650 (NH2 deforma-
tion), 1600 (N−H bend), 1140 (bridge −O− stretch), 1060
(C−O stretch), and 910 cm−1 (pyranose ring). The
interpretation of the spectrum was based on previous results
published, e.g., by Gao et al.24 and Chen and Park.25 Moreover,
the peaks of the stretching vibration of asymmetric and
symmetric −COO− groups of cmCH at 1586 and 1415 cm−1

are also identifiable in Figure 2a. These characteristic bands are
also presented in the spectrum of m@cmCH, although their
relative intensities are different. In addition, new peaks occur at
2980, 1260, 1511, and 1200 cm−1 in the spectrum of m@
cmCH. These peaks can be attributed to a shifted deformation
vibration either of OH, COOH, or NH groups upon adsorption
on nanoparticles surface.
The m@cmCH hybrid was used for the reduction of silver

ions to bind covalently silver nanoparticles. The formed m@
cmCH@Ag was characterized by XRD (Figure 2b). In the XRD
pattern, we have identified crystalline magnetite and crystalline
silver (Figure 2b). The mean X-ray diffraction coherence

Figure 2. Characterization of prepared m@cmCH hybrid and m@cmCH@Ag composites: (a) FT-IR absorption spectra of cmCH and m@cmCH
hybrid. (b) XRD pattern of m@cmCH@Ag nanocomposite (inset: TEM image of the nanocomposite). Theoretical positions of diffraction lines of
metallic Ag (*) and magnetite (**) are also shown (ICSD collection codes are Ag, 52545, and Fe3O4, 43001, respectively). (c) UV colorimetric
analyses of amine groups with 4-nitrobenzaldehyde (4-NBA) performed on m@cmCH hybrid, m@cmCH@Ag composite, and reference (magnetite
NPs), respectively, supplemented with relevant photographs of samples. The amount of aldehyde molecules is proportional to the amount of present
amine groups. (d) SEM image and X-ray elemental mapping of m@cmCH−Ag nanocomposite.
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lengths (MCL) calculated from Rietveld refinement analysis of
the X-ray powder diffraction pattern for magnetite and silver
equals to 10 and 8 nm, respectively. The contents of magnetite
and silver phases were found to be 80 and 20 wt %, respectively.
As mentioned above, polymer O-carboxymethyl chitosan

serves as a linker between magnetite and silver NPs and is
essential for both reduction of silver ions and immobilization of
silver NPs. However, amine groups can present a potential risk,
because of the potentiality of their interaction with the analyte
(dopamine) as well causing an increase in the overall limit of
detection or leading to unwanted errors in interpretation.
Therefore, a UV colorimetric assay that involved reaction of
amine with a UV-sensitive reagent (4-nitrobenzaldehyde) was
adopted that permitted the accurate, sensitive quantification of
surface amine groups. The amount of hydrolyzed 4-nitro-
benzaldehyde molecules per milligram of magnetite represents
the density of active sites on the composites surface (Figure
2c). From the comparison of m@cmCH hybrid and m@
cmCH@Ag nanocomposites, it is clearly seen there is dramatic
decrease in free amine groups after silver reduction and
immobilization. Moreover, m@cmCH@Ag nanocomposite
reveals 10 times lower value (almost undetectable) of
immobilized 4-NBA than magnetite NPs without surface
modification (magnetite without amine groups on the surface).
This difference can be explained as a sorption of 4-NBA with
the magnetite surface. These results confirmed that probably all
the amine groups on the m@cmCH hybrid are included in the
binding of silver nanoparticles and cannot nonspecifically
interact during dopamine analysis. Moreover, while all the
amine groups are used for binding silver NPs, no change in
dispersity of the samples was observed and they reveal excellent
colloidal behavior as can be seen from comparison of
suspensions before and after silver reduction (see photographs
in Figure 2c). Finally, the homogeneous distribution of
magnetite and silver NPs over the composite was determined
by a scanning electron microscope with energy-dispersive X-ray
(SEM/EDX) elemental Fe, O, Ag mapping (Figure 2d).
Analysis of Dopamine Using m@cmCH@Ag@Fe-NTA

Nanocomposites. The dopaminergic neuronal system is
responsible for many brain functions including cognitive
processes26 and behavior of mammals,27 among others.
Dopamine is also correlated with several diseases, where the
most studied are Parkinson’s disease,2b Alzheimer’s,28 or
schizophrenia.29 The latter correlation was evaluated in NAcc,
where the mesolimbic pathway was taken into account. Analysis
of this target thus represents a demanding process that can help
to uncover a deeper connection between dopamine levels and
often pathological states of the brain.
Analysis of dopamine is usually performed using ECD or MS

detection, where severe sample pretreatment methods such as
solvent evaporation, cryogenic preconcentration, or stable
isotopic labeling take place. Here we developed a method for
the analysis of dopamine levels using Raman spectroscopy
approaches with the utilization of advanced nanocomposites
based on Fe3O4/Ag. The surface of the particle was modified
with Fe-NTA participating as a dopamine-selective molecule.
This approach enables an efficient and highly selective target
(dopamine) removal from the complex matrix using magnetic
force with a consequent determination of its level using SERS
methodology. The scheme of the process of analysis can be
seen in Figure 1. Silver and magnetite particles were linked
together for the first time using carboxymethyl chitosan, which

does not contain any free amino groups and thus does not
cause any unwanted SERS signal interferences.
The consecutive analytical concept of the new presented

approach included several development phases, mainly test
samples measurements, quantification experiments, and analysis
of model samples. First, test samples containing dopamine were
measured. The concentration level of the target was set to c = 5
× 10−8 mol·L−1 as an initial point of interest. The SERS spectra
were measured using procedures described in the Experimental
Section, where a droplet of the washed sample containing
dispersion of composite with bonded dopamine was sampled
on a glass platform and immediately measured. The resulting
spectra are shown in Figure 3. There it can be seen the method

is able to detect the target at this concentration level. Its
structure was confirmed using the vibration theory generally
used in IR and Raman spectra interpretation. The peak at 1600
cm−1 was interpreted as the CC bond in a phenyl ring, the
band at 1446 cm−1 was interpreted as C−H bonds presented in
the aliphatic chain, the peak at 1046 cm−1 was interpreted as
the C−N bond, and finally, bands at 785 and 714 cm−1 were
interpreted as C−H bonds in a phenyl ring. The initial
experiment was performed using experimental parameters
described in the Experimental Section; nonetheless, their
values were tuned to achieve a suitable low limit of detection.
The ratio of stock solution of nanocomposite and Fe-NTA was
tested from 1:10 to 10:1, where the best results were obtained
when 5:1 ratio was selected. For a better transparency,
dopamine was measured per se. The signal of the compound
was obtained for a final concentration of c = 1 × 10−1 mol·L−1.
It can be seen that the signal is moderately weak and dopamine
itself cannot be analyzed without the use of the SERS effect.
The reached amplification factor (defined, for example, in the
work by Li et al.31) was 0.952 × 1010. As the next step,
calibration solutions containing 10−5000 fmol·L−1 of dop-
amine were prepared and analyzed; the number of measured
replicates was set to five. The band at 1046 cm−1 was selected
as a quantification marker of dopamine. The parameters of
calibration curve can be seen in Table S1 in the Supporting
Information. On the basis of the calculated correlation
coefficient (R2 = 0.996), it was found out that there exists a
linear relationship between the concentration of dopamine and

Figure 3. SERS spectra of dopamine, dopamine plus m@cmCH@
Ag@Fe-NTA, and blank sample. The concentration level of dopamine
was set to 1 × 10−8 mol·L−1. Blank: blank solution containing m@
cmCH@Ag@Fe-NTA nanocomposite. Spectrum of dopamine at a
concentration level of 1 × 10−1 mol·L−1 is added as a reference.
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intensity of spectral bands interpreted as parts of dopamine
structure.
Our focus for model samples was to determine the dopamine

levels from microdialysis performed on brain tissue samples.
Samples obtained by this procedure are usually highly complex
matrixes of salts, small molecules such as neurotransmitters and
sugars, and larger molecules such as neuropeptides or even
larger proteins, depending on the used dialysis membrane. The
volume of the obtained sample is limited to a few microliters,
thus complicating the process of analysis by giving only a
limited chance to preconcentrate or further purify the sample.
Here we sought to mimic the complexity of the matrix by the
use of aCSF. The spectra, obtained by measurements of these
two solutions, were compared with a measured blank and
control solutions (see Figure 4). The blank consisted of target

concentration of m@cmCH@Ag@Fe-NTA in distilled water,
without any addition of dopamine or aCSF, respectively. The
control sample was obtained by processing 2 μL of aCSF in the
same manner as m@cmCH@Ag@Fe-NTA, without addition of
dopamine. All samples were processed according to the
protocol described in the Experimental Section. Resulting
spectra can be seen in Figure 4. Further, dopamine in the
model samples was quantified using a previously constructed
five-point calibration curve (in the range of 10−5000 fmol·L−1).
The samples were measured in batches where number of
replicates was set to five. Samples were measured two times per
one experimental day (intraday) and again after 5 days
(interday). The obtained raw files were subjected to spectral
normalization or each measured spectra with the blank solution
(defined earlier in the text) measured at the beginning of each
batch. Results are summarized in Table S2 in the Supporting
Information. It can be seen that the developed method is
applicable for the quantification of dopamine at the femtomolar
levels. Even though the relative standard deviances are relatively
higher compared to a mass spectrometric or electrochemical
method, this method presents a great alternative to commonly
used analytical techniques in this area of interest. The higher
errors are given mainly by the fundamental limits of SERS itself,
where any difference between measured spots leads to
variations of band abundances. Spectral normalization is thus
an essential tool in data processing and can be fully automated.

Nonetheless, this method can be successfully used in diagnostic
or clinical applications, where the changes between pathological
and basal states are high.
The LOD presented here is of several orders lower than

LODs obtained with methods using mass spectrometric
detection, where derivatization, e.g., using ethyl chloroformate7e

or dansyl chloride,30a were used with respective limits of
detections in orders from units of micromolar to tens of
picomoles per liter. Derivatization steps could even in some
cases present a drawback in the means of lowered method
robustness and simplicity; moreover, previous sample cleanup
has to be performed using chromatographic approaches.
Methods based on electrochemistry stand for a golden standard
in neurochemical sciences; however, the selectivity of such
methods is usually lowered due to unwanted interferences. The
LODs of electrochemical methods are usually in orders of tens
of femtomoles per liter,32 which is comparable to the results
presented here.
This analytical procedure was then applied in the analysis of

dopamine levels in mice striatum. In total, three biological
replicates were analyzed using the modified m@cmCH@Ag@
Fe-NTA nanocomposite. Samples were pooled together to
minimize biological variability and the obtained amount was
divided back into three parts, giving samples 1, 2, and 3,
respectively. Each part was weighted, and dopamine was
extracted using extraction procedure described in the
Experimental Section. In total, 2 μL of each extract was used
for the analysis; the obtained spectrum is shown in the Figure 5.

The spectrum includes bands previously interpreted as parts of
dopamine−Fe-NTA chemical structure; however, some inter-
ferences occurred. This is probably caused by nonspecific
interactions of Fe-NTA with interfering molecules. However,
interferences can be removed from a further data processing by
a careful comparison of spectra obtained by analysis of the
dopamine standard and the real sample, as performed in our
study. After data preprocessing, including baseline corrections
and noise reduction, the band at 1046 cm−1 was used for the

Figure 4. SERS spectra of dopamine analyzed in artificial cerebrospinal
fluid (aCSF) at a concentration level of 50 and 500 fmol·L−1. The
spectra of the control and blank samples are included for better
transparency. The control sample was measured with m@cmCH@
Ag@Fe-NTA and aCSF, the blank sample only with m@cmCH@Ag@
Fe-NTA nanocomposite.

Figure 5. (A) SERS spectra of dopamine analyzed in mice striatum.
The panel displays analysis of dopamine at a concentration level of 50
fmol·L−1 and analysis of control and blank samples for a better
transparency. The model sample (50 fmol·L−1 dopamine) was
measured with m@cmCH@Ag@Fe-NTA in aCSF, the control sample
was measured with m@cmCH@Ag@Fe-NTA and aCSF, and the
blank sample only with m@cmCH@Ag@Fe-NTA nanocomposite.
(B) Raman spectrum with the band at 1046 cm−1 before and after two
additions of dopamine standard.

Analytical Chemistry Article

dx.doi.org/10.1021/ac500394g | Anal. Chem. 2014, 86, 2939−29462944



quantification analysis. Quantification was performed using the
standard addition method, where two standard additions of 50
fmol·L−1 were used. The resulting spectra are shown in Figure
5B.
To compare the results of the magnetic SERS technique with

the conventional approach, the same samples of striatum were
analyzed also using HPLC−MS. The samples for HPLC−MS
runs were obtained using the same protocols and procedures
applied in the SERS analysis and analyzed using modified
protocols described earlier by Boersema et al.8d In detail,
protocols are described in the Supporting Information,
experimental part. Results of this comparison are summarized
in Supporting Information Table S3. Clearly, the newly
developed SERS method gives results with moderately higher
relative standard deviations (20% for SERS vs 15% for HPLC−
MS); however, it is considerably faster, economically advanta-
geous, and easier to perform. HPLC methods usually require
massive standard derivatization and labeling in order to increase
their selectivity and sensitivity. Moreover, removal of the
labeling and preconcentration steps decreases the LOD and
limit of quantitation (LOQ), and thus, very low dopamine
levels could be determined with difficulties. Furthermore,
samples analyzed using HPLC−MS techniques have to be
preconcentrated, e.g., using evaporation or other relevant
techniques. All these procedures are time-consuming and may
dramatically influence the method performance.
To evaluate the robustness and reproducibility of the new

approach, a set of six technical replicates of one clinical sample
of mice striatum measured using the same batch of nano-
composite was analyzed (Figure S1, Supporting Information).
The replicates were measured in order to evaluate the stability
of the signal across different samples of the same origin. The
results demonstrate no considerable change among intensities
of the target band at 1046 cm−1. More specifically, spectral
analysis revealed that the relative standard deviation (RSD)
among respective intensities is lower than 5%.
Finally, the stability of the newly developed nanocomposite

was evaluated with the use of one batch of the m@cmCH@Ag
nanocomposite. We performed analysis of dopamine standard
(c = 1 × 10−8 mol·L−1) in the time period of 10 days. Obtained
results of the as-prepared sample (t = 0) and samples after 3, 7,
and 10 days are shown in Figure S2 in the Supporting
Information. Evidently, the signal is stable for the period of 10
days without any significant drop in its intensity. Moreover, in
this case, the relative standard deviation among measured
values is lower than 5%.

■ CONCLUSIONS
The dopaminergic neuronal system is responsible for many
brain functions including cognitive processes,26 behavior of
mammals,27 etc. Dopamine is also correlated with several
diseases, where the most studied are Parkinson’s disease,2b

Alzheimer’s,28 or schizophrenia.29 The latter correlation was
evaluated in NAcc, where the mesolimbic pathway was taken
into account. Analysis of this target thus represents a
demanding process that can help to uncover a deeper
connection between dopamine levels and, in many cases,
pathological states of the brain.
In this work, the new magnetite−O-carboxymethyl chito-

san−silver nanocomposite with Fe-NTA in the role of
dopamine-selective compound (m@cmCH@Ag@Fe-NTA)
was prepared with the use of the biocompatible polymer O-
carboxymethyl chitosan that acts as an in situ reducing agent for

silver ions. It creates a linker of both magnetite and silver NPs
and enables good dispersity of the nanocomposite. Moreover,
all amino groups of this polymer are involved in silver NPs
binding and do not influence the sorption of unwanted
interferences on the polymer. The developed method is able to
analyze dopamine at a concentration level from units to
thousands of femtomoles using a novel approach of purifying
the sample with magnetic separation and consequent detection
using SERS.
The analyses of the clinical samples of mice striatum proved

that this magnetic SERS approach is a strong alternative to
commonly used chromatographic methods with mass spectro-
metric detection. The key advantages include the simplicity of
the proposed protocol and very fast analysis, giving a possibility
to automate the process for hundreds of samples (depending
on the size of the glass platform and Raman configuration).
The versatility and general applicability of this approach lies

mainly in the possible substitution of Fe-NTA for other
antibodies as well as for other small-molecular targets using
specific compounds that can be used in the analysis of a broad
number of physiologically active compounds. An interesting
alternative would be to introduce a peptide with specific
antibodies for an ex vivo analysis of neuropeptides, playing
essential roles in neuromodulation, in various brain systems,
where the application of other more conventional techniques
can be complicated or is currently impossible.
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ABSTRACT: Development of methods allowing determination
of even ultralow levels of immunoglobulins in various clinical
samples including whole human blood and plasma is a particular
scientific challenge, especially due to many essential discoveries in
the fields of immunology and medicine in the past few decades.
The determination of IgG is usually performed using an enzymatic
approach, followed by colorimetric or fluorimetric detection.
However, limitations of these methods relate to their complicated
setup and stringent requirements concerning the sample purity.
Here, we present a novel approach based on magnetically assisted
surface enhanced Raman spectroscopy (MA/SERS), which
utilizes a Fe3O4@Ag@streptavidin@anti-IgG nanocomposite
with strong magnetic properties and an efficient SERS enhance-
ment factor conferred by the Fe3O4 particles and silver nanoparticles, respectively. Such a nanocomposite offers the possibility of
separating a target efficiently from a complex matrix by simple application of an external magnetic force, followed by direct
determination using SERS. High selectivity was achieved by the presence of anti-IgG on the surface of silver nanoparticles
coupled with their further inactivation by ethylamine. Compared to many recently developed sandwich methods, application of
single nanocomposites showed many advantages, including simplicity of use, direct control of the analytic process, and
elimination of errors caused by possible nonspecific interactions. Moreover, incorporation of advanced spectral processing
methods led to a considerable decrease in the relative error of determination to below 5%.

Immunoglobulins (Ig) play an essential role in many
defensive mechanisms of organisms against various poten-

tially damaging objects, such as viruses or bacteria. Five classes
have been shown to be present in the human circulatory
system, namely immunoglobulins A, G, M, E, and D.1 It is
noteworthy that IgG has a considerably smaller effective
diameter compared to other immunoglobulins in the above-
mentioned classes.2 It is thus able to enter placenta and defend
an unborn organism in its prenatal phase of development. IgG
is present in the blood of healthy human adults at
concentrations of approximately 10 g·L−1, but these levels are
usually changed during pathological processes induced by
diseases.3 Therefore, advanced technologies and novel materials
have been utilized to improve currently used methods to
develop new procedures for determining levels of IgG with
superior selectivity, even at ultralow concentrations, in order to
decrease sample requirements, particularly the amount.
Classical methods and approaches for measuring IgG

concentrations include immunomethods based on spectro-
scopic detection, such as enzyme-linked immunosorbent assay
(ELISA).4 Several alternatives to ELISA have been developed
in order to increase the method accuracy and improve the limit
of detection, e.g., fluorescence-based methods.5 The presence

of fluorophore defined by a design of the method can be
advantageous for the above-mentioned reasons. However, such
approaches may be limited by the modification steps required
and by possible photobleaching or autofluorescence. Other
well-established methods are based on separation techniques
(electrophoresis, liquid chromatography), which are often
coupled with mass spectrometry.6 These techniques possess
several advantages, including high sensitivity and robustness.
However, they also have some drawbacks regarding the
requirements for sample purity and composition.
An alternative technique that can be used for the

determination of human IgG is surface enhanced Raman
spectroscopy (SERS),7 which allows detection of various
organic, inorganic, and biological compounds at ultralow
concentrations, even at the molecular level. Until now, SERS
has been successfully applied in many fields, ranging from the
enterprise sector, clinical praxis to environmental control, and
forensic sciences.8 Moreover, the application potential of SERS
can be further increased by employing magnetic nanomaterials
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for efficient sample separation and preconcentration,9 an
approach referred here as magnetically assisted surface
enhanced Raman spectroscopy (MA-SERS). This innovative
approach has already been successfully applied for the
purification of recombinant biotinylated human sarco-/
endoplasmic reticulum Ca2+‑ATPase using a magnetic nano-
material functionalized with avidin.10 Another important study
showed that a magnetic nanocomposite containing silver
nanoparticles could be utilized for the detection of a
protein−small molecule complex (avidin−biotin) using
SERS.11 MA-SERS has also recently been applied for the
determination of dopamine in an artificial cerebrospinal fluid
and mouse striatum.12 Another possibility is to use various
magnetic nanomaterials with gold nanoparticles.13 Drake et al.
exploited the magnetic properties of iron oxide nanoparticles to
trap and isolate Staphylococcus aureus bacteria and then
employed active gold nanoparticles (AuNPs) coated with 4-
mercaptobenzoic acid for the detection and quantification of
the bacteria by SERS.14 One of the key features of the
nanocomposites presented here is the formation of a covalent
bond between the magnetic and noble metal nanoparticles.
Such a property is useful not only for the analysis of ex-vivo
samples because of the increased stability of the nano-
composites but also for future applications in in vivo
experiments, where a stable bond between the magnetic core
and surface modified silver/gold nanoparticles is crucial.
To the best of our knowledge, the detection of proteins by

SERS-based immunoassay has so far mostly been indirect and
required a Raman label to provide a strong Raman signal.15 An
example of such an approach can be seen in the work of Chen
et al.16 They developed an analytical approach for detecting
IgG at a very low limit of detection (LOD) of 0.1 μg.mL−1.16

Moreover, Song et al. prepared gold nanoparticles labeled with
4-mercaptobenzoic acid and used them as a Raman label for the
detection of IgG at a level of 100 fm.mL−1.17 It is worth
mentioning that this approach can be enhanced by employing
sandwich systems.18 The magnetic properties of some nano-
particles can be employed to improve the separation of targets
from a complex matrix. A common sandwich-type analytical
system thus consists of a combination of magnetic and SERS-
active substrates. The magnetic substrates are used to efficiently
extract a target from a complex matrix by employing a selective
bond between an analyte and immunorecognition molecule
(previously immobilized on the surface) and applying an
external magnetic force. The SERS-active silver or gold
nanoparticles are added after purification and selectively
attached to the target using the same set of immunorecognition
molecules present on the metal surface. Indirect analysis is then
performed by measuring the signal of a Raman label present as
a linker between the antibody and metal surface of the SERS-
active substrate.17,19 Chon et al. demonstrated the application
potential of such an approach for the analysis of IgG.19b They
developed a method based on SERS and opto-fluidics for the
detection. The LOD was between 1 and 10 ng·mL−1.19b

The above-mentioned methods have many advantages, such
as ultralow LODs and versatility. However, their simplicity of
use is limited by several drawbacks, including the necessity to
synthesize two sets of nanoparticles with limited stability,
usually complicated experimental design, high risk of false
results as a result of nonspecific interactions between particles
and nontargeted compounds attracted from a matrix, and
inability to monitor the direct bonding of target to a specific

antibody. These limitations may explain the relatively low
uptake of such methods in other scientific fields.
Here we present a label-free SERS based method for the

determination of human IgG using a single nanocomposite.
The method utilized a novel magnetic Fe3O4@Ag@streptavi-
din@anti-IgG nanocomposite, which comprised a magnetic
core modified by O-carboxymethylchitosan (CM) to covalently
attach silver nanoparticles. The silver surface was subsequently
modified by streptavidin and finally anti-imunoglobulin G (anti-
IgG). The immobilization of anti-IgG via a bond with
streptavidin did not influence its total activity, in contrast to
the approaches mentioned above, which utilized unspecific
direct immobilization on the metal surface. Application of the
method is demonstrated for the determination of human IgG in
blood samples obtained by the finger prick method. Despite
being relatively straightforward, the proposed method showed
high accuracy and reliability. Further, the relative standard
errors of determination were reduced to below 5% by using a
newly developed advanced spectral processing method, which
involved background normalization and utilization of two
reference spectral points.

■ MATERIALS AND METHODS
Chemicals. Silver nitrate (p.a.), low molecular weight

(LMW) chitosan (75−85% deacetylated), iron(II) chloride
tetrahydrate (p.a.) and iron(III) chloride hexahydrate (p.a.), 1-
[3-(dimethylamino)propyl]-3-ethylcarbodiimide methiodide
(EDC), N-hydroxysulfosuccinimide sodium salt (≥98%
(HPLC); NHS), IgG from human serum (reagent grade,
≥95% (SDS-PAGE), essentially salt-free, lyophilized powder),
antihuman IgG (Fc specific)-biotin antibody produced in rabbit
(IgG fraction of antiserum, lyophilized powder), ethylamine
(purum, 70% in H2O), streptavidin from Streptomyces avidinii
(essentially salt-free, lyophilized powder, ≥13 units/mg
protein) and α,ω-bis{2-[(3-carboxy-1-oxopropyl)amino]ethyl}-
polyethylene glycol (Mr 2000) (carboxy-PEG) were purchased
from Sigma-Aldrich and used without further purification.
H3PO4 (p.a., 85% w/w) and NaOH (p.a.) were bought from
Lach-Ner. Acetic acid (99,8%) and methanol (p.a.) were
obtained from P-LAB (Czech Republic).

Preparation of standard solutions and buffers. A
phosphate-buffered saline solution (PBS; 10 mM, pH 7.5) was
prepared from 100 mM stock solution of H3PO4 by fine-tuning
its pH value using a highly concentrated solution of NaOH
(50%, w/v) under constant stirring. The final concentration
was adjusted by addition of a defined volume of water. Stock
solutions of 0.2 mol·L−1 NHS and EDC were prepared in a
volume of 10 mL weighing exact amounts of each. Solutions
were used immediately after preparation. Stock solutions of all
used proteins, namely IgG, anti-IgG and streptavidin, were
prepared by dissolving 1 mg of protein in 1 mL of water in an
Eppendorf tube. Solutions of proteins were kept in the dark at
−20 °C for no longer than 5 days.

Preparation of Fe3O4@Ag nanocomposite. Magnetic
nanocomposites were prepared according to the process
described earlier by Markova et al.20 Briefly, magnetic
nanoparticles were prepared by the Massart coprecipitation
method of an aqueous solution of FeCl3.6H2O and FeCl2.4H2O
using sodium hydroxide; 1.5 M NaOH was slowly added to a
mixture of FeCl3.6H2O and FeCl2.4H2O to obtain a pH of 11.
The synthesis was carried out at room temperature under
constant bubbling of nitrogen to prevent further oxidation of
the ferrous ions. After 1 h of stirring, the product was washed
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several times with water and separated using simple magnetic
decantation. The magnetic nanoparticles generated were used
for the preparation of magnetite-O-carboxymethylchitosan
hybrids by adsorption of polymer onto the surface of the as-
prepared nanoparticles induced by gradually increasing the
temperature to 80 °C. Finally, silver nitrate was added to the
magnetite-O-carboxymethylchitosan hybrids and silver ions
were reduced on the surface of the hybrids by amine groups in
the polymer under alkaline conditions and at a temperature of
80 °C. The products were finally washed several times with
deionized water and separated using magnetic decantation.
Preparation of Fe3O4@Ag@strepavidin@anti-IgG

nanocomposite. Immobilization of anti-IgG on the surface
of the previously described nanocomposite Fe3O4@Ag was
carried out according to the steps shown in Figure 1. First, 1
mL of magnetic nanoparticles prepared by the process
described above was mixed with 100 μL of EDC and NHS
(final concentration of both reagents was set to 20 mM) and
stirred for 30 min. Next, ethylamine was added to a final
concentration of wt.7%. The nanocomposite was collected by
application of an external magnetic field and washed twice with
10 mM PBS buffer. Then, 5 mM carboxy-PEG was added (final
concentration 1 mM) to the washed magnetic nanocomposite.
After 1 h of stirring at 300 rpm, the magnetic nanocomposite
was separated from the reaction mixture by simple application
of an external magnetic field and washed with PBS buffer. Next,
EDC and NHS (1:1, final concentration 20 mM) were added
and the reaction stirred for a further 1 h. The resulting
nanocomposite was again magnetically separated and washed
with PBS buffer. In the next step, nanocomposite with
previously activated carboxylic groups was mixed with
streptavidin (0.2 mg·L−1) and stirred for 1 h to form covalent
bonds between the free amino (−NH2) groups present in the
structure of streptavidin and activated carboxylic groups of the
nanocomposite. After the addition of streptavidin, the nano-
composite was magnetically separated and washed with 10 mM
PBS buffer. Next, nanocomposite with streptavidin was mixed
with biotinylated anti-IgG (final concentration 0.2 mg·L−1) and

stirred for 1 h to allow covalent bonds to be formed between
between streptavidin and the biotinylated part of the anti-IgG.
After washing with PBS buffer, ethylamine at a final
concentration of 7% wt. was added to block the rest of the
active carboxylic groups.

Analysis of real samples. Human whole blood samples (n
= 2) were collected by finger prick method performed
according to standard operation procedure UOG-REB,
SOP011. A sample of volume V = 2 μL was placed on a
glass platform, 10 μL of nanocomposite Fe3O4@Ag@
streptavidin@anti-IgG was immediately added and the mixture
carefully stirred. The nanocomposite was magnetically sepa-
rated from the blood sample and washed twice with deionized
water (20 μL). Finally, the nanocomposite was magnetically
separated and analyzed using SERS.

Apparatus. The ζ potentials of the starting material,
intermediate and final products were measured using a
Zetasizer NanoZS (Malvern, UK). A transmission electron
microscope (TEM) (JEM 2010, Jeol, Japan) was used to obtain
images of the unmodified magnetic nanocomposite and final
nanocomposites. The TEM was operated at a voltage of 160 kV
with a point-to-point resolution of 1.9 Å. Raman spectra were
collected using a DXR Raman spectroscope (Thermo Scientific,
U.S.A.) equipped with a laser operating at a wavelength of 532
nm. The laser power on the sample was set to 2 mW. Each
measured Raman spectrum was an average of 32 experimental
microscans. The acquisition time was set to 1s. Infrared spectra
were acquired using a Nicolet iS5 infrared spectrometer
(Thermo Scientific, U.S.A.). A total of 32 scans were measured
and averaged for each material. Raman and IR spectra were
evaluated using instrument control software (Omnic, version 8,
Thermo Scientific, USA) and highs of target spectral bands
were statistically evaluated using LibreOffice (version 4.3.0, The
Document foundation, Berlin, Germany).

■ RESULTS AND DISCUSSION

Infrared spectroscopy and ζ- potential measurements were used
to monitor changes in the surface characteristics of the as-

Figure 1. Scheme showing the individual steps in the modification of nanocomposite Fe3O4@Ag.
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prepared nanocomposite during the surface modification
process. Such modifications included adsorption of chemicals
on the surface of the nanocomposite, activation of functional
groups, and formation of new bonds. Infrared spectra and ζ-
potentials measured during the surface modification process are
shown in Figure 2. The measured ζ-potential of an unmodified
initial nanocomposite (labeled as Step 0) corresponded to a
charge −46.2 mV. The nanocomposite was composed of Fe3O4
and Ag nanoparticles covalently bonded by O-carboxymethyl-
chitosan. This linker was selected because of the presence of
free carboxylic groups, which increased the long-term stability
of the as-prepared nanocomposite by enhancing its dispersi-
bility in aqueous environments. However, such groups cause
relatively high negative surface charge. Therefore, their
presence during subsequent surface modification steps had to
be minimized to ensure highly selective bonding of streptavidin
only to a free surface of silver nanoparticles, while at the same
time maximizing the sensitivity of the designed analytical
system. The free carboxylic groups were thus removed in the
first step by reaction with an aqueous mixture of EDC:NHS,
followed by an aqueous solution of ethylamine. The
deactivation (Step 1) and blockage (Step 2) of carboxylic
groups led to a considerable change of ζ-potential to −20.3 mV.
This decrease in negative charge confirmed that the carboxylic
groups were successfully activated and efficiently blocked. The
residual negative charge was attributed to the bare silver
nanoparticles. In the next step (Step 3), free carboxyl groups
were generated on the surface of the silver nanoparticles by
addition of carboxy-PEG. This step was required for further
selective immobilization of streptavidin. The adsorption of
carboxy-PEG on the surface of Ag led to a moderate increase of
surface charge to −21.1 mV. The difference between the latter
value and the initial negative charge (−46.2 mV) was due to
different numbers of immobilized functional groups. Activation
of the newly created carboxylic groups with an aqueous mixture
of EDC and NHS (Step 4) was accompanied by a large
decrease in negative charge to a value of −2.1 mV. The
following step was performed to immobilize streptavidin on the
silver surface (Step 5). Covalent bonds were formed between
−NH2 groups of streptavidin and activated carboxyl groups by

stirring for 1 h at 100 rpm. Immobilization of streptavidin onto
the nanocomposite surface changed the charge only slightly to
−1.7 mV. Successful immobilization of streptavidin was
confirmed by measuring IR spectra, which showed an increase
of bands interpreted as part of the protein structure (1450 and
1650 cm−1). Streptavidin played a key role for binding the
biotinylated part of anti-IgG, which was added to the
nanocomposite in the next step (Step 6). The formation of a
bond between streptavidin and the biotinylated part of anti-IgG
was accompanied by changes in the surface charge to 0.4 mV
and by changes in the previously mentioned IR bands. Final
blockage of the remaining carboxylic groups with ethylamine
was confirmed by an additional increase of the ζ-potential to
0.7 mV (Step 7). Moreover, the ability of the analytical system
to bind IgG was tested by IR measurements. It was expected
that successful binding of IgG would lead to a further change of
protein band intensities, as can be seen in Figure 2C. A TEM
image of the as-prepared and surface-modified nanocomposite
is shown in Figure 2C, where the bright fringes surrounding the
silver nanoparticles (shown in gray) can be interpreted as
attached protein layers. Additional TEM images acquired at
three important stages of the modification are shown in Figure
S1A − Figure S01C. It can be seen that the synthesis did not
lead to any considerable structural changes. Moreover, the
HRTEM images accompanied by a map with the distribution of
Ag and Fe3O4 nanoparticles in the prepared Fe3O4@Ag@
Streptavidin@AntiIgG nanocomposite are included in Figure
S1D−S1E. The signal stability of the modified nanocomposite
is of the highest importance, and several experiments were
conducted in order to evaluate its parameters. The as-prepared
nanocomposite Fe3O4@Ag was prepared at day = 0 and stored
for a period of 90 days. Its final modifications (labeled as
Fe3O4@Ag@Streptavidin@AntiIgG) were prepared at selected
instances, namely on days 1, 5, 10, 20, and 90, and their
respective Raman spectra were acquired. Average Raman
spectra can be seen in Figure S2. The calculated variation of
the intensity of the spectral band at 1650 cm−1 between
measured spectra is lower than 10%. It can be thus stated that
the modification is repeatable and resulting Raman spectra
comparable.

Figure 2. (A) Measured ζ-potentials of the prepared nanocomposite and of the nanocomposites after each step of modification. (B) IR spectra of the
bare nanocomposite and modified nanocomposites. (C) TEM image of Fe3O4@Ag nanocomposite.
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The as-prepared Fe3O4@Ag@anti-IgG nanocomposite was
successively utilized for the determination of levels of one of
the most important immunoglobulins, IgG, in human whole
blood samples. Based on vibration theory, it was predicted that
the specific interaction of IgG with anti-IgG antibody
immobilized on the surface of the nanocomposite would lead
to a spectral shift of the order of a few wavenumbers or change
in intensity of Raman bands corresponding to parts of the
binding site of the antibody. To test this hypothesis, standard
samples containing 100 ng·L−1 of human IgG dissolved in water
were analyzed, as well as blank and control samples. The blank
sample contained only the pure unmodified nanocomposite
Fe3O4 dispersed in water, whereas the control sample consisted
of an aqueous dispersion of nanocomposite Fe3O4@Ag@
streptavidin@anti-IgG without addition of IgG. The spectra
obtained are shown in Figure 3. The Raman signal of the

control sample contained several important spectral bands that
were attributed to parts of the protein structure of the designed
analytical probe. Spectral bands at 1650, 1539, and 1350 cm−1

were interpreted as Amide I, II, and III, respectively. Moreover,
the relatively sharp band at 1650 cm−1 indicated an α helix type
secondary structure. The band at 605 cm−1 was interpreted as
an Ag−N bond vibration originating from the addition of
ethylamine in the first steps of the modification of the Fe3O4@
Ag nanocomposite, as can be seen from the experiments
summarized in Figure S3. Furthermore, its position and
intensity were expected to be insensitive to further formation
of a bond between anti-IgG covalently attached to the surface
of the analytical probe, and IgG in a sample. On the other hand,
successful formation of a bond between anti-IgG and IgG was
anticipated to change the absolute intensities and, more
importantly, the ratio of the spectral bands of Amide I, II,
and III, owing to the different structures of these two proteins.
Detailed comparison of spectra of the control and model
samples revealed that both the position and intensity of the
band at 605 cm−1 remained unchanged, as predicted, whereas
the intensities and ratios of the protein spectral bands differed.
The selectivity of the here designed method is a very

important issue. AntiIgG used in the role of selector has been
previously utilized by many authors where a high selectivity of
antiIgG toward IgG was successfully demonstrated.16−18 The
overall selectivity of this approach was tested using mouse IgG
and BSA; the presence of these proteins did not lead to any
significant changes in the observed analytical signal, as can be
seen in Figure S4; calculated values of RS were not significantly
different from the values obtained for the blank solution. In
order to evaluate the method’s capabilities for obtaining
quantitative information, five calibration samples were
prepared. All the calibration samples were measured under
the same conditions. The range of concentrations used to
construct the calibration curve was selected to comply with
demands for methods able to perform ultratrace analysis, and
was set from 100 ng·L−1 to 500 mg·L−1. Corresponding Raman
spectra of the selected standards are shown in Figure 4.

Figure 3. Raman spectra of bare nanocomposite Fe3O4@Ag, modified
nanocomposite obtained by immobilization of streptavidin and anti-
IgG (Fe3O4@Ag@streptavidin@anti-IgG), and model sample with a
concentration of IgG 16 ng·L−1 (labeled as Fe3O4@Ag@streptavidin@
anti-IgG@IgG).

Figure 4. Raman spectra obtained in the presence of model samples containing 16 ng·L−1, 160 ng·L−1, and 16 μg·L−1 IgG.
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Normalized and baseline-corrected spectra were evaluated and
used for a calibration. Presented fluctuations in the spectral
data, observed from the instability of the spectral band at 605
cm−1, do not allow a direct determination of the amount of IgG
from absolute intensities, as can be seen in Figure 4. However,
previous works suggest that protein interactions lead to
considerable changes in ratios of selected spectral bands.8

Quantification of IgG is thus based on a simple equation (eq 1)
that allows calculation of the ratio of the intensities of the
protein 1539 and 1650 cm−1 bands, where the absolute
intensities of I1650 and I1539 were previously normalized to
the intensity of the reference band at 605 cm−1 in order to
minimize the unwanted fluctuations in the analytical signal.

=R
I I
I I

/
/

1539 605

1650 605 (1)

where I1539, I1650, and I605 stand for the intensities of the spectral
bands at 1539, 1650, and 605 cm−1, respectively. I605 was used
as a spectral reference to normalize the whole spectrum in
order to minimize system errors originating from changes in the
composite constitution, structure, and Raman signal instability.
As the data come from separate spectral analyses, values of I605
in eq 1 could not be completely eliminated. Moreover, to make
the method more robust, a Raman spectrum for a control
sample containing only Fe3O4@Ag@streptavidin@anti-IgG
composite was used as a reference, as shown in eq 2:

=RS
IStd /IStd
IStd /IStd

IRef /IRef
IRef /IRef

1539 605

1650 605

1539 605

1650 605 (2)

where IS denotes the intensities of the spectral bands obtained
by analysis of the samples and, analogously, IRef stands for the
spectral intensities of bands in the Raman spectra of the control
samples. RS thus describes the degree of change of the protein
band ratios between the control and each analyzed sample; the
greater the value above one, the higher the amount of IgG
present in the sample (control sample; RS = 1). It was found
that the ratio showed a linear trend over the whole measured
range with a coefficient of determination amounting to 0.98, as
can be seen in Figure 5. The calculated limit of detection was
0.6 ng·L−1 (calculated from the parameters of the calibrations

curve, S/N = 3). The limit of detection of most current assays
for the analysis of IgG in human blood samples is of the order
of tens of μg·L−1, with a relative standard error of
determination of around 20%; this includes serum and whole
blood samples. Although those assays are based on similar
principles (interaction of the target with a particular antibody),
the developed method is capable of detecting human IgG at
1000× lower concentration level and at the same time uses
much lower sample volumes. This is due to a superior signal
amplification effect achieved by careful selection of the SERS
conditions (described in the Materials and Methods). More-
over, 10 measurements were taken on 10 separate days to test
the stability of the Raman signal. It was found out that the
relative error of RS between replicates was lower than 8%. Next,
measurements of two model samples were performed to test
the method reliability and robustness. Sample A contained 10
ng·L−1 IgG and Sample B 100 ng·L−1, with differences between
the real and experimentally obtained values of around 20% and
relative standard deviation, RSD = 5%. The same samples were
measured at two different times of day (intraday values) and on
three separate days (interday values). It was shown that the
relative error was lower than 5% for the intraday experiments
and lower than 15% for the interday experiments. This
demonstrates the applicability of the described method for
the analysis of IgG.
The application potential of the proposed method was

further tested with the aim of using it for the analysis of human
whole blood samples obtained using the finger prick method
(details are given in the experimental part), where sample
amount is strictly limited to a few microliters. It should be
noted that a design of the described procedure was tuned to
minimize nonspecific interactions of the synthesized nano-
composites with nontargeted compounds present in the
complex matrix of human blood. However, part of the overall
Raman signal may still have originated from nonspecific
interactions, and thus the Raman signal had to be properly
verified and normalized by careful comparison of the spectra
obtained for real and model samples. The experimental analysis
was performed according to the procedures previously used in
the calibration experiments. Briefly, 2 μL of 100× diluted whole

Figure 5. (A) Raman spectrum obtained in the presence of a real sample of whole human blood. For comparison, the Raman spectra of a model
sample containing 16 μg·L−1 IgG and bare nanocomposite are also presented. (B) Concentration determination of analyzed samples. Blue points
stand for real samples and brown points show data obtained by standard additions. (C) Calibration curve for a determination of IgG in model
samples.
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blood was collected and deposited on a glass platform. Then,
10 μL of a solution containing prepared Fe3O4@Ag@
streptavidin@anti-IgG nanocomposite was added and well
mixed with the sample. The nanocomposite was washed twice
with water using an external magnetic force for separation (in
total 10 μL) and analyzed using SERS. To perform a full
statistical evaluation, four samples from two patients were
collected and analyzed 5 times. A SERS spectrum for the real
sample is presented in Figure 5A, showing that all the bands
previously attributed to the analytical probe were present;
nevertheless, the spectral band interpreted as Amid II is
moderately shifted due to a different structure of IgG,
compared to antiIgG and Streptavidin. The Raman spectrum
of the real sample was thus compared to a respective Raman
spectrum of a standard solution of human IgG (initial
concentration = 5 g·L−1) in order to demonstrate the origin
of the analytical signal. Results are shown in Figure S4, where
the same pattern of both spectra is demonstrated.
Further demonstration of the method involved evaluation of

the method selectivity. It can be stated that the immunochem-
ical reaction can be considered as very selective, and the impact
of such a statement has already been demonstrated. Moreover,
the approach used in this analytical method further minimized
possible interferences caused by the presence of nontargeted
proteins by the applied synergy of magnetic separation and
preconcentration with a high selectivity of AntiIgG. Albeit the
number of already published papers dealing with the
applications of antibodies in the role of selectors was
mentioned previously,15−18 the selectivity of the here described
method was further tested on a set of proteins, namely mouse
IgG, human IgG, and bovine serum albumin. The results
obtained from the performed experiment are shown in Figure
S5, where it can be seen that the presence of BSA or mouse IgG
did not lead to any considerable changes in the spectra; the
calculated value of RS is equal to 1 for the blank solution
(without human IgG), 1.05 for BSA (c = 100 mg·L−1), and 1.08
for mouse IgG. Nonetheless, the concentration level of human
IgG in real samples was quantified by a standard addition
method in order to minimize possible spectral interferences
originating from the matrix effects and to achieve a suitable
level of accuracy and precision. A defined amount of IgG was
thus added to each sample, and the spectral position and
intensity of all bands were evaluated and compared to Raman
spectra of real samples. The obtained values are shown in
Figure 5B, where real samples are labeled as blue points, and
two standard additions are labeled as brown points,
respectively. Signal stability was evaluated using a set number
of technical replicates (N = 5). Obtained Raman spectra of
Sample 1 retrieved from patient A are shown in Figure S6. The
obtained relative standard deviation between calculated values
of RS is lower than 5%. The results of the analysis show that
samples from patient A contained 9 g·L−1 of IgG, and
analogously, samples obtained from patient B contained 10 g·
L−1 of IgG. It is worth mentioning that the determined
amounts of IgG are in good compliance with the levels
recorded in a healthy population.21

■ CONCLUSIONS
Current methods for the determination of levels of IgG in
humans are mostly based on interactions of antibodies with a
target coupled with colorimetric or fluorimetric detection.
These methods are usually robust and fast. However, their
further development is limited and there is increasing demand

for methods able to determine IgG at ultralow concentrations.
Here, we report a novel method for the determination of
human IgG in whole blood samples. The method utilizes a
magnetic Fe3O4@Ag nanocomposite, where silver nanoparticles
are covalently bonded using carboxymethylchitosan chosen as a
physiologically compatible linker. The surface of the as-
prepared nanocomposite was modified using streptavidin,
followed by anti-IgG. The nanocomposite enabled the
development of a robust method for the direct determination
of IgG at concentrations from 600 fg.mL−1. The benefit of such
an approach is that it can be modified relatively easily in order
to analyze many other targets by selecting an appropriate
antibody modified by addition of biotin.
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ABSTRACT: Accurate and rapid diagnosis of prosthetic joint
infection (PJI) is vital for rational and effective therapeutic
management of this condition. Several diagnostic strategies
have been developed for discriminating between infected and
noninfected cases. However, none of them can reliably
diagnose the whole spectrum of clinical presentations of PJI.
Here, we report a new method for PJI detection based on
magnetically assisted surface enhanced Raman spectroscopy
(MA-SERS) using streptavidin-modified magnetic nanopar-
ticles (MNP@Strep) whose surface is functionalized with
suitable biotinylated antibodies and then coated with silver
nanoparticles by self-assembly. The high efficiency of this
approach is demonstrated by the diagnosis of infections caused
by two bacterial species commonly associated with PJI, namely, Staphylococcus aureus and Streptococcus pyogenes. The method’s
performance was verified with model samples of bacterial lysates and with four real-matrix samples of knee joint fluid spiked with
live pathogenic bacterial cells. This procedure is operationally simple, versatile, inexpensive, and quick to perform, making it a
potentially attractive alternative to established diagnostic techniques based on Koch’s culturing or colony counting methods.

Prosthetic joint infection (PJI) is a feared complication of
total joint arthroplasty that substantially increases morbid-

ity and mortality following total joint arthroplasty. Current
estimates suggest that PJI complications occur in up to 3% of
primary hip and knee arthroplasties and up to 15.4% and 25%
of revision hip and knee arthroplasties, respectively.1,2 The
pathogenesis of PJI is related to the presence of biofilm-forming
microorganisms, most commonly Staphylococci and Streptococ-
ci.3,4

Most current methods for diagnosing PJI are rather time-
consuming, involving several pre- and intraoperative steps. This
is especially true for low-grade infections that are difficult to
distinguish from aseptic failure.5 The condition is typically
diagnosed on the basis of four generally accepted criteria: (i)
the presence of a cutaneous sinus tract communicating with the
prosthesis, (ii) histopathological evidence of acute inflamma-
tion, (iii) increased counts or differentials of leukocytes or
neutrophils in the synovial fluid, and (iv) the development of a
positive culture from samples of synovial fluid, intraoperative
periprosthetic tissue, or sonication fluid.3,5−8 In recent years,
there has also been considerable interest in diagnosing PJI by
detecting antibacterial molecules. These methods achieve

excellent sensitivity and specificity in around 95% of all
enrolled cases.9 However, they provide no information about
the causative bacteria in any given infection.
Most of the gold standard microbial methods for diagnosing

PJI are based on Koch’s culturing and colony counting
methods10 and only deliver results after several days.11

Additionally, culture-based methods are susceptible to con-
tamination, which can lead to false positive diagnoses, and yield
false negative diagnoses in up to 30% of all cases.12 More
advanced alternative techniques have been proposed to shorten
the analysis time and increase the accuracy of the identification
of PJI. One such alternative is based on the polymerase chain
reaction (PCR), which can be used to detect and identify
diverse pathogens.11,13−15 PCR is considerably less time-
consuming and more sensitive than many other techniques,
including the culturing and plating methods discussed
above.11,16 However, highly trained professionals are needed
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to perform PCR analyses and interpret their results.16,17 Other
techniques capable of bacterial identification are based on
pulsed-field gel electrophoresis (PFGE).18−20 Despite their
sensitivity, methods based on PFGE are very time-consuming,
which limits their practical utility. Thus, there is still a need for
a rapid and highly sensitive typing tool that would enable the
accurate diagnosis of PJI and the identification of the causative
agent within a few minutes.
Procedures based on Raman spectroscopy represent

interesting alternatives to culture- or PCR-based methods for
PJI diagnosis. It was recently shown that surface enhanced
Raman spectroscopy (SERS) can be used to rapidly identify
selected microorganisms.21,22 Additionally, Khan et al. showed
that a SERS assay using antibody-conjugated popcorn-shaped
gold nanoparticles can detect Salmonella typhimurium in water
samples.23 SERS was also used by Sivanesan et al. to selectively
identify the pathogenic bacterium S. epidermidis in blood
samples on a bare Ag−Au bimetallic surface.24 More recently, a
composite of nanoaggregates of gold particles was used with a
high specificity single domain antibody to identify Staph-
ylococcus aureus bacteria by SERS.25 Another innovative
approach based on immunomagnetic isolation, membrane
filtration, and silver intensification was used to measure the
SERS signals of pathogenic Escherichia coli bacteria in ground
beef.26,27 Unfortunately, all these nanoparticle-based techniques
require precultivation periods of several hours to generate
sufficient biomass and a silver intensification step to permit
SERS measurements. Here, we present a fast new method for
diagnosing PJI based on magnetically assisted surface enhanced
Raman spectroscopy (MA-SERS), which was previously used
by our group for fast, selective, and highly sensitive detection of
various molecules including dopamine28 and immunoglobu-
lins.29 It is worth mentioning that, despite Ag NPs being
frequently used for their synergistic antibacterial and antibiofilm
activity to inhibit the growth of bacteria,30,31 Ag NPs at low
concentrations effective for Raman signal enhancement do not
have any inhibitory impact on the analyzed pathogens.
The method uses a new highly efficient biosensor based on

streptavidin-modified carboxy-functionalized magnetic nano-
particles (henceforth referred to as MNP@Strep) for efficient
target isolation. After isolation, the biosensor is coated with
silver nanoparticles to enable MA-SERS detection of PJI. The
nanomaterial used for MA-SERS detection has two beneficial
effects. First, its magnetic properties enable effective and
quantitative isolation of selected chemical targets from a
complex matrix. Second, the SERS effect of the silver
nanoparticles on adsorbed molecules gives the method ultralow
limits of detection. We show that this method can be used to
isolate and identify two bacterial strains, Staphylococcus aureus
and Streptococcus pyogenes. Moreover, the method was
successfully used to diagnose PJI in real-matrix samples of
knee joint fluid in a few minutes, without any need for sample
pretreatment. It could thus be an attractive alternative to
established procedures for clinical diagnosis of PJI.

■ EXPERIMENTAL SECTION
Reagents and Chemicals. Carboxy-functionalized mag-

netic microparticles, N-hydroxysulfosuccinimide sodium salt
(≥98% (HPLC); NHS), 1-[3-(dimethylamino)propyl]-3-ethyl-
carbodiimide methiodide (EDC), streptavidin from Streptomy-
ces avidinii (essentially salt-free, lyophilized powder, ≥13 units/
mg protein), biotin-conjugated mouse antiprotein A mono-
clonal antibody, ethylamine (purum, 70% in H2O), and

phosphate-buffered saline solution (PBS) were purchased
from Sigma-Aldrich. Biotin-conjugated rabbit anti-Streptococcus
group A polyclonal antibody was obtained from Abcam plc.
(Cambridge, UK). Silver nitrate (AgNO3, p.a., Tamda),
ammonia (NH4, aqueous solution 28% w/w, p.a., Sigma-
Aldrich), sodium hydroxide (NaOH, p.a., Lach-Ner), and D(+)-
maltose monohydrate (C12H22O11 × H2O, p.a., Sigma-Aldrich)
were used to prepare primary silver nanoparticles. Sodium
chloride (NaCl, p.a., Sigma-Aldrich) was used to treat the
primary silver nanoparticles. All chemicals were used as
received without any additional purification steps.

Preparation of Silver Nanoparticles. Maltose-reduced
silver nanoparticles for use as SERS substrates were prepared by
reducing the silver ammonia complex cation [Ag(NH3)2]

+ with
D-maltose as described by Panacek and co-workers.32 Briefly,
silver nitrate and the reducing sugar (maltose) were dissolved
in distilled water to initial concentrations of 10−3 and 10−2 M,
respectively. The initial concentration of ammonia was 5 ×
10−3 M. After the silver, sugar, and ammonia had been added,
the reaction system’s pH was adjusted to 11.5 ± 0.1 by adding
sodium hydroxide. The reaction was deemed complete after 4
min, yielding a nearly monodispersed suspension of maltose-
reduced silver nanoparticles with an average particle size of
about 28 nm.

Preparation of Bacterial Samples. Preparation of Model
Samples. The method was initially tested using model bacterial
lysate samples without knee joint fluid. Testing samples were
prepared using the bacterial species Staphylococcus aureus CCM
3953 and Streptococcus pyogenes (Strain No. SP12, from the
culture collection of the Department of Microbiology, Faculty
of Medicine and Dentistry, Palacky ́ University Olomouc).
Lysates were prepared from 24 h cultures of S. aureus and
S. pyogenes. Well-isolated colonies were transferred into 5 mL of
Mueller-Hinton broth so that the resulting turbidity was
equivalent to a McFarland standard of 1.0 (approximate cell
density of 3 × 108 CFU/mL). The inoculum density was
determined by measuring the samples’ optical density with a
densitometer (Densi-La-Meter; LACHEMA, Czech Republic),
and the bacterial suspensions were then cultured at 37 °C for
24 h. After incubation, the broth was centrifuged at 2000 rpm
for 10 min. The supernatant was then removed, and 10 mL of
distilled water was added to the pellet. Finally, the mixed
suspension was repeatedly (10 times) frozen at −72 °C for 10
min and then thawed in a 37 °C water bath. The repeated
freeze−thaw cycles cause lysis of bacterial cells in suspension.

Preparation of Real-Matrix Samples. After being validated
against model samples, the method was tested using real-matrix
samples prepared from sterile knee joint fluid obtained by
puncture from patients with osteoarthritis. To verify the sterility
of the initial joint fluid, it was inoculated onto blood agar
(Trios, Ltd.) and into Mueller-Hinton broth (HiMedia) and
cultivated. Real-matrix samples for testing were then prepared
by spiking samples of the joint fluid in a 1:1 ratio with live cells
of one of the two bacterial lysates. In these experiments, the
spiking samples of the joint fluid and the sterile joint fluid were
used as positive and negative controls, respectively. All joint
fluid samples were obtained under standard conditions with
written informed patient consent, and the study was approved
by the local Ethics Committee.

Immobilization of Streptavidin onto Carboxy-Func-
tionalized Magnetic Nanoparticles (MNP@Strep). To
immobilize streptavidin on the surface of the carboxy-
functionalized magnetic nanoparticles (MNP), 0.5 mL of the
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stock dispersion of MNP was separated from the mixture
solution using a magnet and then washed with deionized water.
The carboxylic groups of these MNP were then activated with a
1 mL solution of EDC and NHS (the final concentrations of
both reagents were 10 mM) and stirred for 45 min. The MNP
were collected using an external magnetic field and washed
three times with 10 mM PBS buffer. The MNP with activated
carboxylic groups were then mixed with streptavidin (1 mg/L)
and stirred for 2 h to form covalent bonds between the free
amino (−NH2) groups of streptavidin and the activated
carboxylic groups of the MNP. After the addition of
streptavidin, the MNP were collected using a permanent
magnet and subsequently washed three times with 10 mM PBS
buffer to remove free streptavidin.
MNP@Strep Nanoparticles and Antibody Binding

Procedure. Two different biotinylated antibodies were used
to prepare antibody-labeled MNP: mouse monoclonal antibody
to protein A (anti-IgA) (a surface protein from the S. aureus cell
wall) or rabbit polyclonal antibody to group-A streptococci
polysaccharide (anti-APS). To prepare MNP with antibodies
immobilized on their surfaces, MNP@Strep nanoparticles were
mixed with 1 mL of the appropriate antibody solution (at a final
concentration of 10 mg/L) and stirred for 1 h to enable
noncovalent bond formation between the streptavidin and the
antibody’s biotin tag. After rinsing three times with 10 mM PBS
buffer to physically remove residual unbound antibody
molecules, ethylamine at a final concentration of 3.5% wt.
was added to block the remaining active carboxylic groups. The
resulting MNP@Strep@anti-IgA or MNP@Strep@anti-APS
nanoparticles were stable over a period of 2 months.
Material Characterization Methods. The ζ potentials of

the starting material, intermediates, and final products were
measured using a Zetasizer NanoZS (Malvern, UK). A
transmission electron microscope (TEM) (Jeol 2100) equipped
with a LaB6 cathode operated at an accelerating voltage of 200
kV with a point-to-point resolution of 0.194 nm was used to
obtain an image of the commercial starting material, i.e., the
carboxy-functionalized MNP. A drop of MNP dispersion was
placed onto a holey carbon film supported on a copper-mesh
TEM grid and left to air-dry at room temperature. Structural
analysis of the starting MNP was performed with an X-ray
powder diffractometer with programmable divergence (XRD,
PANalytical X’Pert PRO) in the Bragg−Brentano geometry,
equipped with an iron-filtered Co Kα radiation source, an
X’Celerator detector, and diffracted beam antiscatter slits. 200
μL of liquid sample was dropped on a zero-background Si slide,
dried under vacuum at room temperature, and scanned across
2θ values ranging from 10° to 105° under ambient conditions.
HRTEM images of the final product were obtained using a high
resolution transmission electron microscope (HR-TEM FEI
Titan G2 60−300) with an X-FEG type emission gun,
operating at 80 kV. This microscope was equipped with a Cs
image corrector and a STEM high-angle annular dark-field
detector (HAADF). Its point resolution was 0.08 nm in TEM
mode. Elemental mapping was performed by STEM-Energy
Dispersive X-ray Spectroscopy (EDS; Bruker SuperX) with an
acquisition time of 20 min. Fourier transform infrared (FT-IR)
absorption spectra were collected using a Nicolet iS5 infrared
spectrometer (Thermo Scientific, U.S.A.) to identify the
functional groups of the treated MNP and the nature of their
bonding. FT-IR spectra were acquired by attenuated total
reflectance (ATR) in a ZnSe crystal. A drop of sample was
placed onto a ZnSe crystal and left to air-dry at room

temperature. Then, a total of 64 scans with a resolution of 2
cm−1 were recorded and averaged for each sample. The FT-IR
absorption spectra were processed using ATR correction.

Sample Preparation for SERS Detection. Bacterial
lysates and live bacterial cells of S. aureus and S. pyogenes
were prepared as described above. Prior to the analysis of real-
matrix samples of joint fluid spiked with live bacterial cells,
samples were diluted 10-fold with deionized water to modify
their consistency. Both model bacterial lysate samples and real-
matrix samples of knee joint fluid spiked with live bacterial cells
were then analyzed using the following SERS protocol. A
sample volume of 10 μL was mixed with a 10 μL solution of the
MNP@Strep nanoparticles conjugated with a biotinylated
antibody to either protein A or the group-A streptococci
polysaccharide, and the resulting mixture was stirred for 30
min. A 20 μL aliquot of the stirred solution was then dropped
onto a glass slide and magnetically separated from the excess
sample matrix. Next, 8 μL of a silver nanoparticle (Ag NPs)
suspension was pipetted onto the separated magnetic solid
portion on the glass slide. Finally, 2 μL of a 1 M solution of
NaCl was pipetted onto the magnetic biosensor and the
resulting suspension was mixed in the pipet tip. A precipitate of
the magnetic biosensor formed on the edge of the drop, from
where it was captured with a magnet and analyzed immediately
before it could dry.

SERS Instrumentation and Data Processing. SERS
spectra were recorded using a DXR Raman Microscope
(Thermo Scientific) equipped with a thermoelectrically cooled
(−50 °C) charge-coupled device (CCD) camera and a 10×
objective. All spectra were measured at room temperature on a
glass slide. SERS spectra were measured with an excitation line
at 633 nm (He−Ne gas laser) and were acquired over a
wavenumber range of 400 to 1800 cm−1. Spectral acquisition
was repeated 16 times per sample, with an accumulation time of
0.5 s per repetition. The laser light power incident on the
samples was adjusted to 5.0 mW, and the slit length was set to
50 mm.
All spectra were baseline corrected and unit-vector

normalized to enable visualization of spectral dissimilarities.
Spectra of experimental samples were evaluated by comparing
their protein band ratios to those in the spectra of blank
samples. The results were expressed as the mean of the
standard deviation of values obtained from five independent
experiments with ten measurements in the case of biosensor
stability and four independent experiments with ten measure-
ments in the case of the influence of concentration effects on
bacterial recognition. The differences between blank sample
and bacteria treated biosensors were analyzed by a two-tailed
Student’s t test using Microsoft Excel and were considered
statistically significant (p < 0.05). The Nicolet TQ Analyst
chemometric software package was used to construct and
perform discriminant analysis of the bacteria related to
prosthetic joint infection. Additionally, the TQ Analyst software
package was used to perform a clustering analysis based on
average intra- and intercluster distances in order to evaluate the
MA-SERS method’s ability to discriminate between bacteria.
The capacity of the MA-SERS biosensor to detect PJI was
evaluated using both infected and noninfected real-matrix
samples. A set of 30 samples including ten sterile joint fluid
replicates and spectra of sterile joint fluid spiked with live
bacterial cells were used for this purpose. The three principal
components needed to describe the spectral variation in the
standards using the discriminant analysis method were chosen
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on the basis of an Eigenanalysis; the resulting decomposition
converted the data into a principal component space with axes
in the directions of maximal orthogonal variation inherent in
the data. The chemometric models were constructed using data
for the 400−1600 cm−1 region of the Raman spectra, where the
full spectrum contribution was above 99.5%.

■ RESULTS AND DISCUSSION

In this work, MNP@Strep biosensors were used as SERS
platforms for the determination of two bacterial strains,
Staphylococcus aureus and Streptococcus pyogenes, in knee joint
fluid samples. The presence of covalently bound streptavidin on
the surface of these magnetic biosensors allows their selectivity
to be tuned by simple functionalization using biotinylated
antibodies. Two antibodies were employed in this work: an
antibody to protein A33 was used to achieve selectivity for
Staphylococcus aureus, and an antibody to the group-A
streptococci polysaccharide34 was used to achieve selectivity
for Streptococcus pyogenes.
The surface composition of the as-synthesized biosensors

was monitored by measuring their ζ potential after each
modification step, i.e., after the activation of functional groups
and bond-forming steps. ζ potentials measured after each
surface modification are shown in Figure 1A. The measured ζ
potential of the pristine carboxy-functionalized magnetic
nanoparticles (MNP) corresponded to a charge of −22.3 mV.
This relatively high negative surface charge is attributed to the
acidity of the free carboxyl groups. These pristine MNP were
also characterized by XRD with Co Kα radiation (Figure 1B).
The only crystalline phase can be identified from the diffraction
pattern: cubic slightly nonstoichiometric maghemite phase (γ-
Fe2O3; cell parameter a = 0.8360 nm) with partially ordered
vacancies (space group P4332). The crystallite size derived
from Rietveld refinement analysis of the X-ray powder
diffraction pattern is 13 nm. A TEM image of the starting
MNP is shown in the inset of Figure 1B. These pristine
magnetic nanoparticles were selected because of the presence

of free carboxylic groups, which increased the long-term
stability of the as-prepared biosensor by enhancing its
dispersibility in aqueous environments. The subsequent
activation of the surface carboxyl groups using an aqueous
mixture of EDC and NHS was accompanied by a substantial
increase in the material’s zeta potential (to 8.76 mV), reflecting
the successful conversion of the carboxyl groups on the MNP
surface into reactive N-hydroxysulfosuccinimide esters. In the
next step, streptavidin was immobilized on the surface of the
magnetic nanoparticles via the reaction of its terminal amino
group (−NH2) with the activated carboxyl groups on the MNP
surfaces. This increased the particles’ zeta potential further, to
9.63 mV. Streptavidin functionalization was required to enable
binding of the biotinylated antibodies, which occurred in the
next step of the synthesis. The formation of a noncovalent
bond between streptavidin and the biotinylated antibodies and
the final blockage of residual activated carboxylic groups caused
a small further increase in the surface charge, to 10 mV for the
nanoparticles bearing the anti-APS antibody and 10.4 mV for
those bearing the anti-IgA antibody. The morphology of the
final biosensors was characterized by HRTEM, STEM-EDS,
and STEM-HAADF imaging. Figure 1C shows a HRTEM
image of MNP@Strep/Ag which reveals that the overall
diameter of the as-synthesized Fe2O3 (maghemite) and Ag
nanoparticles is in the range of 10−20 nm. Moreover, the
STEM-EDS chemical mapping (Figure 1D) of the biosensors
clearly indicates the presence of both Fe and Ag species. As
shown in Figure 1E, silver nanoparticles are distributed on the
surface of maghemite; this is further confirmed by the presence
of particles with different contrast in the STEM-HAADF image.
To better understand the surface composition of the

functionalized MNP@Strep biosensors, they were analyzed by
infrared spectroscopy (IR). IR absorption spectra collected
after streptavidin decoration and the attachment of biotinylated
antibodies to the MNP are shown in Figure 2. The IR spectrum
of the pristine MNP features the characteristic vibrational
modes (e.g., 1726 cm−1), which are due to carbonyl stretching,

Figure 1. Material characterization of the MA-SERS biosensor: (A) Measured ζ potentials of the prepared biosensor after each modification step.
(B) XRD pattern of MNP (inset: TEM image of the MNP). The theoretical position of the maghemite diffraction line is also shown. (C)
Representative HRTEM image of MNP@Strep/Ag. (D) STEM-EDS chemical mapping (Fe, O, and Ag) of MNP@Strep/Ag. (E) HAADF image of
MNP@Strep/Ag.
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yet contains no protein vibrations that will be featured in IR
spectra after subsequent modification steps of MNP. The IR
spectrum of the nanoparticles after streptavidin immobilization
(i.e., MNP@Strep) features two amide bands: band I at 1639
cm−1, corresponding to a β-pleated sheet structure (CO
stretch), and band II at 1568 cm−1 (N−H bend with C−N
stretch). These bands can be attributed to the amide
functionalities of streptavidin’s peptide groups and thus indicate
the presence of the streptavidin on MNP.21,35,36 A peak
corresponding to the carboxylate vibrational mode at 1417
cm−1 (COO− stretch) is also identifiable in the spectrum of
MNP@Strep.37 The presence of streptavidin on MNP was
confirmed by the presence of bands of weak-to-medium
intensity at 1208 and 1247 cm−1, both of which were assigned
to amide III vibrations.21 As can be seen in Figure 2, there are
no new vibrational modes between the IR spectra of the
biosensors prepared with antibodies (labeled MNP@Strep@
anti-IgA and MNP@Strep@anti-APS, respectively) and that of
the streptavidin-coated nanoparticles except for a slight red shift
of a weak spectral band located at 1726 cm−1 arising from
carbonyl stretching, which may be attributed to the formation
of a lock-and-key type interaction between the nanoparticle-
bound streptavidin and the biotin tag on the antibodies.38

The biosensors were initially tested against model samples
consisting of a Staphylococcus aureus (henceforth referred to as
STAU) bacterial lysate. The resulting SERS spectra are shown
in the Figure 3, together with spectra for a pure MNP sample, a
modified sample consisting of the MNP@Strep nanoparticles in
aqueous solution, and a blank sample consisting of the MNP@
Strep@anti-IgA biosensor in aqueous solution with no added
lysate. The spectrum of the pure MNP sample features none of
the strong vibrational modes observed in the spectra of the
modified MNP@Strep, blank, or model samples. Conversely,
the SERS spectra of the MNP@Strep and MNP@Strep@anti-
IgA (blank) samples are very similar. Both feature spectral
bands characteristic of proteins, including the amide II and III
bands. The spectral bands located at 1558 and 1450 cm−1 were
assigned to the amide II mode, which arises mostly from NH
bending, and to (δ-CH2) scissoring vibrations modes,
respectively.39 The amide III mode, which is associated with

α-helices and is primarily due to ν(CN) stretching and NH in-
plane bending vibrations of the peptide bond, is represented by
the bands at 1391 and 1231 cm−1.40,41 Functionalization of the
MNP@Strep biosensor using either of the biotinylated
antibodies increased the intensity of the amide III band at
1231 cm−1, which is consistent with an increase in the
prevalence of α-helical conformations and thus successful
noncovalent binding between streptavidin and the biotinylated
antibody. A representative SERS spectrum of an antibody-
decorated MNP sample is shown in Figure 3 with the label
MNP@Strep@anti-IgA/Ag. Finally, treatment of anti-IgA-
decorated MNP with the STAU lysate yielded a sample
referred to as MNP@Strep@anti-IgA@STAU/Ag. SERS
analysis of this material revealed pronounced changes in the
relative intensities of the bands at 1391 and 1558 cm−1 when
compared to the modified MNP@Strep and blank sample. The
ratio of intensities (I1391/I1558, henceforth referred to as the
protein band ratio, PBR) changed from 13.31 in the blank
sample to 0.36 with the difference statistically significant (p
value = 1.035 × 10−5), which is consistent with a successful
interaction between a functionalized composite and protein A,
which is a characteristic protein of STAU.
The SERS spectrum of the lysate-treated MNP (MNP@

Strep@anti-IgA@STAU/Ag) also features new well-resolved
bands at 530, 602, and 730 cm−1 that were not present in the
spectra of the modified MNP@Strep and blank samples. The
strong Raman mode at 530 cm−1 could be assigned to S−S

Figure 2. IR spectra of pure MNP, modified MNP@Strep, and
MNP@Strep functionalized with biotinylated antibody to protein A
(labeled as MNP@Strep@anti-IgA) and with biotinylated antibody to
group-A streptococci polysaccharide (labeled as MNP@Strep@anti-
APS).

Figure 3. SERS spectra of the pure MNP/Ag, modified MNP@Strep/
Ag, MNP@Strep modified with biotinylated antibody to protein A
(labeled as MNP@Strep@anti-IgA/Ag), and bacterial lysate of
Staphylococcus aureus CCM 3953 (labeled as MNP@Strep@anti-
IgA@STAU/Ag).
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stretches of the L-cysteine-rich polypeptide toxin produced by
STAU.21,42,43 The SERS spectrum also features a significant
band at 602 cm−1 which might be due to a vibrational mode of
phenylalanine, which is also produced by STAU.44,45 Another
important peak at 730 cm−1 may correspond to a glycosidic
ring mode of the bacterium’s peptidoglycan cell wall building
blocks, poly-N-acetylglucosamine (NAG) and N-acetylmuramic
acid (NAM).46−49 On the other hand, Ankamwar et al.50

attributed the 730 cm−1 peak to the purine ring breathing mode
and the C−N stretching mode of the adenine part of the lipid
layer components of the bacterial cell wall.
Our method offers a high degree of versatility because the

selectivity of the nanoparticle biosensors can be altered simply
by changing the antibody that is added in the final step of the
synthesis. This was demonstrated by analyzing a lysate of
Streptococcus pyogenes (henceforth, STPY), which is frequently
associated with PJI. Figure 4 compares the SERS spectra of the

STPY biosensor after treatment with the corresponding
bacterial lysate (labeled MNP@Strep@anti-APS@STPY/Ag)
to that of the previously discussed STAU sensor (MNP@
Strep@anti-IgA@STAU/Ag) after treatment with the STAU
lysate. As might be expected given that both of these bacteria
are Gram-positive facultative anaerobic species, the two spectra
are quite similar, although there are some noteworthy
differences. The PBR for the peaks at 1391 and 1558 cm−1 in
the SERS spectrum of the MNP@Strep@anti-APS nano-
particles changed substantially upon treatment with the STPY
lysate, from 19.71 falling to 0.48 with a statistically significant
difference (p value = 2.522 × 10−6). This is clearly indicative of
an interaction between the lysate and the functionalized
biosensor. The largest differences between the SERS spectra
of the lysate-treated STAU MNP (MNP@Strep@anti-IgA@
STAU/Ag) and STPY MNP (MNP@Strep@anti-APS@STPY/
Ag) relate to the bands at 475, 924, and 962 cm−1. All of these
could be due to vibrations of D-mannose, which is the main
sugar component in the matrix of STPY.51 The MNP@Strep@
anti-APS@STPY/Ag spectrum also features a striking and

intense peak at 660 cm−1, corresponding to the C−S stretch of
the methionine-containing STPY toxin.47,52 Moreover, the
important band at 530 cm−1 (corresponding to cysteine S−S
stretches) is less intense in the spectrum of the STPY MNP
than in the STAU MNP, which could be used to further
differentiate these bacterial species. Moreover, the PBR values
for the STAU and STPY lysates were statistically significantly
different (0.36 vs 0.48, p value = 0.021). This direct comparison
of the SERS spectra of two different bacterial lysates with
tailored MA-SERS biosensors clearly shows that our new MA-
SERS assay can distinguish between Staphylococcus aureus and
Streptococcus pyogenes.
Because knee joint fluid samples are typically information-

rich and contain a wide range of different molecules,
interpreting the spectra of bacterial pathogens in a knee joint
fluid matrix is usually very difficult and often requires the use of
complex data analysis techniques. Despite this, SERS
microscopy is a promising clinical analytical technique for
detecting pathogenic bacteria. Because of the samples’
biochemical complexity, they are likely to contain a diverse
mix of SERS-active vibrational modes arising from pathogen
cell envelope components and native components of the
matrix. While the system presented here relies on a priori
knowledge of the biochemistry of the pathogen of interest and
the host, the technique offers some flexibility in that the SERS
spectrum of a lysate-treated biosensor is likely to contain
multiple peaks that could be used for diagnosis and detection.
Although this flexibility is attractive, an ideal system would not
permit any band to be assigned tentatively. In practice, tentative
assignment is likely to be unavoidable for the time being
because of the lack of SERS spectral databases that could be
used to identify peaks due to bacterial components; this makes
the analytical process more time-consuming than it would be
otherwise. Although database resources for basic Raman spectra
of biological materials are gradually becoming more accessible
and comprehensive, it is not certain that the vibrational bands
seen in Raman spectra will also appear in the SERS spectra of
the corresponding bacteria.
We tested the stability of our fabricated SERS biosensor by

storing it for various periods of time under atmospheric
conditions and then repeating the SERS analysis. The SERS
signal stability was evaluated using a batch of the MNP@
Strep@anti-IgA that was prepared (on day 0) and stored in a
refrigerator for a period of 60 days. Aliquots of this stored
material were removed and treated with an STAU lysate on
days 1, 15, 30, 45, and 60, and the SERS spectra of the resulting
MNP@Strep@anti-IgA@STAU nanoparticles were acquired.
Figure S1A shows these spectra. All the spectra contain the
same bands as those for the fresh material, although their
absolute intensities decrease appreciably over time. However,
the calculated PBR values are rather stable, with an average
value of 0.36 and a relative standard deviation of less than 5%
between PBR values. Consequently, we have plotted additional
line charts of the main peak intensity at 1558 cm−1/PBR value
as y axis and time as x axis. Both values were monitored for a 2
month period as can be seen in Figure S1B,C. The SERS
biosensor thus appears to be quite stable when stored under
ambient atmospheric conditions even after two months.
To further evaluate the viability of the proposed cultivation-

free approach for detecting and identifying STAU and STPY in
a real matrix, samples of a sterile knee joint fluid spiked with
live bacterial cells were examined. The Raman spectra obtained
in these experiments are shown in Figure 5. The signals in both

Figure 4. SERS spectra of model samples of bacterial lysates of
Staphylococcus aureus CCM 3953 (labeled as MNP@Strep@anti-IgA@
STAU/Ag) and Streptococcus pyogenes (labeled as MNP@Strep@anti-
APS@STPY/Ag).
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spectra agree well with those for the corresponding model
samples; while the peaks’ absolute intensities changed because
of concentration effects, both the model samples and the real
matrix samples yielded the same trend in the PBR, which
decreased from 13.31 to 0.80 (p value = 1.010 × 10−5) in the
case of S. aureus and from 19.71 to 0.65 (p value = 2.817 ×
10−5) for STPY. We then investigated the influence of
concentration effects and nonspecific interactions on bacterial
recognition. The influence of nonspecific interactions was
studied using the MNP@Strep@anti-IgA biosensor with real-
matrix samples of knee joint fluid from four patients (labeled
A−D) spiked with live STAU bacteria prepared at different
times. Figure S2 shows the spectral data for these measure-
ments. All the spectra contain the previously identified bands,
although their absolute abundances vary appreciably. However,
the calculated PBR values are stable (averaging around 0.80),
and the relative standard deviation of the PBR between batches
is only 10%. The spectra shown in Figures 5 and S2 contain
minor bands originating from nonspecific interactions of the

remaining free surface of the silver nanoparticles with small
organic molecules and salts. These interactions have no
appreciable effect on the calculated PBR values, as demon-
strated by the low RSD and steady PBR.
The performance of the new method was then tested using

real-matrix samples from the same four patients (A, B, C, and
D). Briefly, ten technical replicate analyses were performed for
each sample, and the resulting spectral data were subjected to
statistical analysis to further evaluate the method’s ability to
distinguish between the two studied bacterial strains. The
chosen analytical technique was discriminant analysis (DA),
which is used to determine the classes of known materials that
have similar spectra by calculating the distance between each
class center in Mahalanobis distance units. When working with
data derived from multiple sources, DA can be used to map the
observations into a coordinate space that maximizes source
separation. As applied in this work, DA facilitates the detection
of spectral similarities and differences and can also be used to
screen incoming materials to determine how they should be
classified. If the SERS spectra of the biological samples have
obvious, repeatable similarities, data points from each species
should group together within the transformed space, indicating
successful discrimination of a species-specific SERS signature.
After the material was successfully classified by DA, the
Statistical Spectra software tool supplied with the spectrometer
was used to compute a mean spectrum for each class. Due to
the rich informational content of the spectra in the region
between 400 and 1600 cm−1, the DA was performed based on
this region. The study was performed on a set of 30 samples
from the four patients, including replicate spectra of the sterile
joint fluid and sterile joint fluid spiked with live bacterial cells.
The results obtained are summarized in Figure 7A−D, which

show the results of a DA and the associated mean SERS spectra
(Figure S3A−D). The classes identified by the DA are clearly
visible and distinct, with the sterile joint fluid cluster shown in
red, the sterile joint fluid with added Staphylococcus aureus
CCM 3953 cluster shown in blue, and the sterile joint fluid with
added Streptococcus pyogenes cluster shown in green. DA data
based on the SERS spectra obtained for each individual patient
indicate that the method can differentiate between pathogenic
samples and sterile sample (SJF, red cluster) as well as between

Figure 5. SERS spectra of the modified MNP@Strep/Ag nano-
particles, sterile joint fluid (labeled as MNP@Strep@anti-IgA@SJF/
Ag), joint fluid with Staphylococcus aureus CCM 3953 (labeled as
MNP@Strep@anti-IgA@SJF@STAU/Ag), and joint fluid with
Streptococcus pyogenes (labeled as MNP@Strep@anti-APS@SJF@
STPY/Ag).

Figure 6. Close up of the 1391 and 1558 cm−1 peaks of real matrix
sample with different concentrations of (A) S. aureus and (B)
S. pyogenes. The spectra were shifted by a hundred units of Raman
intensity in order to increase the transparency.
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the S. aureus (blue cluster) and S. pyogenes (green cluster)
samples because the experimental data points are centered in
clusters that are separated by appreciable distances. The DA
accurately classified all the tested samples as belonging to one
of the sterile fluid, S. aureus, or S. pyogenes classes. For all
patients (Figure 7A−D), the signals corresponding to S. aureus
and S. pyogenes are located in two distinct clusters and can be
clearly distinguished from the sterile knee joint fluid. The
calculated average intracluster distances for patients A, B, C,
and D are 0.37, 0.57, 0.59, and 0.94, respectively, for sterile
joint fluid; 1.31, 1.24, 0.80, and 0.92, respectively, for sterile
joint fluid with added S. aureus CCM 3953; 0.84, 0.82, 1.27, and
0.91, respectively, for sterile joint fluid with added S. pyogenes.
The average intercluster distances between the sterile joint fluid
cluster and the Staphylococcus aureus CCM 3953 or
Streptococcus pyogenes clusters are 2.37, 2.90, 2.83, and 3.72
and 2.46, 1.60, 5.69, and 4.69, respectively. The average
intercluster distance between sterile joint fluid with added
Staphylococcus aureus CCM 3953 and sterile joint fluid with
added Streptococcus pyogenes is 3.62, 1.95, 4.45, and 5.83. These
results show that MA-SERS combined with DA can reliably be
used to differentiate the three analytes, a conclusion that was
subsequently validated using standard cultivation methods with
the same set of samples.
The sensitivity of the method was tested using the same MA-

SERS detection protocol described in the Experimental Section.
We have decreased the concentration of both bacteria down to
a limit, where a statistically significant change in PBR value can
still be observed between the blank and bacteria containing real
samples. On the basis of the results, this approach gives a
positive response for the common concentration of bacteria
present (3 × 108 CFU/mL) in real samples accompanying
prosthetic joint infection. Moreover, the purposed approach
showed that the limit of detection of the MA-SERS method is
two (STAU) or three (STPY) orders below a common value

accompanying bacterial joint infections, which can be seen in
Figure 6.
Finally, the ability of the purposed MA-SERS biosensor to

selectively trap a target pathogen in real-matrix samples was
briefly tested using the 1:1 mixture of biosensors (MNP@
Strep@anti-IgA and MNP@Strep@anti-APS) treated with pure
S. aureus or S. pyogenes as well as with the mixture of bacterial
lysates in a 90:10 ratio for both bacteria. The mixed biosensors
were treated with the above-mentioned bacterial samples with
the same sampling protocol described in the Experimental
Section. When differentiating between the sets with pure
S. aureus or S. pyogenes against their respective bacterial
mixtures, two different classes observed in DA were obtained
(see Figures S4 and S5, respectively). The calculated average
intracluster distances for STAU samples sets 90:10 and 100:0
are 1.11 and 0.68, respectively. On the other hand, these
clusters are completely separated and the distance between the
classes is 2.45. Then, the calculated average intracluster
distances for STPY samples sets 90:10 and 100:0 are 1.06
and 0.79, respectively. On the other hand, these clusters are
completely separated and the distance between the classes is
1.97. It has been estimated that the assay is selective for both
pathogens despite the fact that one is present in a very small
amount compared to the other one.

■ CONCLUSION
Aspiration of the knee joint is required before reoperation due
to PJI and before the second stage of the two-stage surgery.
Additionally, many orthopedic surgeons perform this simple
examination routinely before any revision total joint
arthroplasty. Joint fluid samples are regularly analyzed for the
presence of cells and molecules associated with antibacterial
host responses and for causative agents of PJI. However,
cultures grown from joint fluid samples often yield false
negative results even in cases with evident PJI. In addition, the

Figure 7. Discriminant analysis of knee joint fluid samples from four real patients (A, B, C, and D). Clusters defined training sets: sterile joint fluid
(SJF; red), joint fluid with Staphylococcus aureus CCM 3953 (STAU; blue), and joint fluid with Streptococcus pyogenes (STPY; green).
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identification and characterization of bacteria using culture
methods is time-consuming, laborious, and expensive. Our
work demonstrates that characteristic proteins of pathogenic
bacteria, protein A from Staphylococcus aureus and the group-A
streptococci polysaccharide from Streptococcus pyogenes, can be
detected in experimental settings and in clinical knee joint fluid
samples using MA-SERS spectroscopy with antibody-function-
alized magnetic nanoparticle biosensors. The analysis can be
performed much more quickly than established methods for
diagnosing PJI based on Koch’s culturing protocols, colony
counting, PCR, or PFGE and can be tailored to specific
pathogens of interest by selecting an appropriate antibody
when functionalizing the nanoparticles in the final step of their
synthesis. As such, our new method could be clinically useful
for rapidly diagnosing cases of PJI and identifying appropriate
treatments. Additionally, the results presented herein clearly
demonstrate the power of functionalized magnetic nano-
particles in biorecognition.

■ ASSOCIATED CONTENT
*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.anal-
chem.7b00759.

SERS spectra of MNP@Strep@anti-IgA@STAU/Ag
obtained with samples of different batches in a 2
month period after the preparation and SERS spectra
obtained by analysis of real-matrix samples of knee joint
fluid collected from four different patients spiked by live
bacteria cells of STAU; mean SERS spectra for each class
of discriminant analysis of knee joint fluid samples from
four patients and graphical representation of the
discriminant analysis of data obtained by evaluation of
the mixture of biosensors treated with a mixture of
bacterial lysates (PDF)

■ AUTHOR INFORMATION
Corresponding Authors
*E-mail: vaclav.ranc@upol.cz (V.R.).
*E-mail: radek.zboril@upol.cz (R.Z.).
ORCID
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h i g h l i g h t s g r a p h i c a l a b s t r a c t

� A new method for a determination of
prostate specific membrane antigen
is proposed.

� The method utilizes magnetic; sur-
face functionalized Fe3O4@Ag
nanocomposite.

� A determination is based on
magnetically assisted surface
enhanced Raman spectroscopy.

� Method application potential is
demonstrated by analysis of human
whole blood.
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a b s t r a c t

Prostate cancer is one of the most common cancers among men and can in its later stages cause serious
medical problems. Due to the limited suitability of current diagnostic biochemical markers, new bio-
markers for the detection of prostate cancer are highly sought after. An ideal biomarker should serve as a
reliable prognostic marker, be applicable for early diagnosis, and be applicable for monitoring of ther-
apeutic response. One potential candidate is glutamate carboxypeptidase II (GCPII), also known as
prostate specific membrane antigen (PSMA), which has a promising role for direct imaging. GCPII is
considerably over-expressed on cancerous prostatic epithelial cells; its analysis typically follows radio-
logical or spectrophotometric principles. Its role as a biomarker present in blood has been recently
investigated and potential correlation between a concentration of GCPII and prostate cancer has been
proposed. The wider inclusion of GCPII detection in clinical praxis limits mainly the time and cost per
analysis. Here, we present a novel analytical nanosensor applicable to quantification of GCPII in human
whole blood consisted of Fe3O4@Ag magnetic nanocomposite surface-functionalized by an artificial
antibody (low-molecular-weight GCPII synthetic inhibitor). The nanocomposite allows a simple magnetic
isolation of GCPII using external magnetic force and its consecutive determination by magnetically
assisted surface enhanced Raman spectroscopy (MA-SERS) with a limit of detection 6 pmol. L�1. This
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method enables a rapid determination of picomolar concentrations of GCPII in whole human blood of
healthy individuals using a standard addition method without a complicated sample pre-treatment.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Prostate cancer is among the most frequently diagnosed forms
of cancer, and currently accounts for 12% of all cancer cases
worldwide. The incidence rate in the global population has
increased 155% since 1970, and nearly 500,000 new cases were
diagnosed in 2012 [1,2]. The most common screening tests for early
diagnosis of prostate cancer are based on determination of the
blood level of prostate specific antigen (PSA) or a digital rectal exam
(DRE) [3]. Elevated PSA levels indicate higher probability of pros-
tate cancer; however, PSA elevations also can be caused by other
health complications, including benign prostatic hyperplasia and
nonspecific inflammation [4,5]. If PSA or DRE suggests prostate
cancer, transrectal biopsy is typically used to confirm the diagnosis.
Diagnostic information describing a tumor behavior can be alter-
natively obtained from a patient's genomic data, however, utiliza-
tion of his procedure is still limited due a still required biopsy [6].
Therefore, new biomarkers and more reliable techniques for a
prostate cancer diagnosis are being actively investigated. Prostate
specific membrane antigen [PSMA, also known as folate hydrolase I
and glutamate carboxypeptidase II (GCPII)], is one potential
candidate. GCPII is a type II transmembrane zinc-metalloenzyme
with glutamate carboxypeptidase activity [7]. It catalyzes the hy-
drolysis of N-acetylaspartylglutamate (NAAG) to glutamate and N-
acetylaspartate (NAA) and is considerably over-expressed on
prostate cancer cells [7,8]. Some studies have also indicated a cor-
relation of GCPII expression with tumor stage and grade [9]. Re-
ports also indicate its potential applicability in all stages of
diagnostics and monitoring of disease treatment [10]. Clinical trials
utilizing labeled antibody against GCPII for prostate cancer detec-
tion have shown promising results [11]; however, their usability is
considerably limited by a long biological half-life [12]. Strategies to
overcome this limitation include use of antibodies labeled with
long-lived PET radionuclides, including 89Zr and 64Cu, and utiliza-
tion of antiGCPII mini-bodies [13]. An alternative approach is uti-
lization of small-molecule inhibitors that mimic the endogenous
substrate NAAG. Development of inhibitors for visualization of
GCPII led to introduction of various radiolabels, including 68Ga, 123I,
18F, and 111In, of which 68Ga seems to offer the best results [14e20].
However, radiolabeled molecules were not very effective at
detecting small metastatic deposits, leading researchers to design
inhibitors with fluorescent labels. Inhibitors labeled with fluores-
cein dyes have been applied intraoperatively to identify brain tu-
mors using photo-diagnosis (PDD) [21,22]. This approach was
further improved using quantum dots [23] and advanced fluores-
cent labels, including indocyanine green (ICG) [24]. Detection of
GCP-II as a potential biomarker in blood serum has been investi-
gated e.g. by Rochon et al., where higher levels in prostate cancer
patients were demonstrated, compared to healthy patients [25].
Similar results were obtained by Murphy et.al, where GPC-II shown
a better prognostic value than PSA [26]. GCP-II levels in blood has
been further evaluated by Beckett et al. [27], and Knedlik et al. [28],
where a further potential has been proposed. Methods based on
molecular spectroscopy are an interesting alternative to these more
common label-based approaches. Surface-enhanced Raman spec-
troscopy (SERS) is considered a promising technique for analysis of
molecular targets at ultra-low concentration levels. Since its

introduction in 1979 by Fleischmann, the technique has undergone
dramatic developments [29]. Development of novel substrates
allowed detection of record-low concentrations of various targets,
and introduction of magnetic nanocomposites allowed isolation of
the chemical target before follow-up spectral analysis [30e33].
Here, we demonstrate the utilization of low-molecular-weight
GCPII inhibitors in magnetically assisted (MA)-SERS. The suit-
ability of this type of low-molecular-weight inhibitor in the analysis
of GCPII has been demonstrated in previous analyses of human
blood [28] using a radio-immunoanalytical approach (RIA) and of
brain tissue [34], as well as in GCPII detection using DNA-linked
inhibitor [35]. Sacha et al. described a more complex strategy
employing synthetic polymer conjugates [36]. The MA-SERS
approach described here utilizes Fe3O4@Ag magnetic nano-
composite functionalized with a low-molecular-weight inhibitor of
GCPII. This novel approach enables magnetic isolation of GCPII and
its follow up SERS detection in whole human blood in a very short
time, with a limit of detections orders of magnitude lower than
commonly used techniques.

2. Experimental section

2.1. Reagents and chemicals

Silver nitrate (p.a.), D-(þ)-maltose monohydrate (p.a.),
ammonia (25%) (p.a.), carboxymethyl cellulose sodium salt (low
viscosity), iron(II) sulfate heptahydrate (>¼99%), ammonium hy-
droxide solution, (28.0e30.0%), and N-(3-dimethylaminopropyl)-N0

ethylcarbodiimide hydrochloride (>¼99.0%) were purchased from
Sigma Aldrich (San Chose, U.S.A.) and used without further purifi-
cation. Sodium hydroxide (p.a.) was purchased from Lach-Ner
(Neratovice, Czech Republic).

2.2. Synthesis of low-molecular-weight GCPII inhibitor

All chemicals were purchased from Sigma-Aldrich unless stated
otherwise. The final compound was purified using a preparative
scale Jasco PU-986 HPLC (flow rate 10 mL/s), equipped with a YMC
C18 Prep Column, 5 mm, 250 � 20 mm. Purity was tested on an
analytical Jasco PU-1580 HPLC (flow rate 1 mL/s), equipped with a
Watrex C18 Analytical Column, 5 mm, 250 � 5 mm. The final
compound was of at least 99% purity. The structure was confirmed
by HRMS at LTQ Orbitrap XL (Thermo Fisher Scientific).

Compound 1 was prepared as previously described [37]. Com-
pound 2 was synthesized as shown in Scheme 1.

Compound 2: 1-amino-39,47-dioxo-3,6,9,12,15,18,21,24,27,
30,33,36-dodecaoxa-40,46,48-triazahenpentacontane-45,49,51-
tricarboxylic acid. 511 mg (0.68 mmol, 1.1 eq) Z-PEG12-COOH (IRIS
Biotech) was dissolved in 1.5 mL DMF, and 297 mg (0.775 mmol,
1.25 eq) TBTU along with 150 mL DIEA (0.87 mmol, 1.4 eq) were
added. The reaction mixture was left stirring for 30 min, and
307 mg (0.62 mmol, 1.0 eq) compound 1 along with 118 mL DIEA
(0.68 mmol, 1.1 eq) dissolved in 1.5 mL of DMF, were added into the
reaction mixture in one portion. The reaction was left overnight,
and the mixture was rotary evaporated to dryness. The crude
product was dissolved in MeOH, and the Cbz protective group was
removed by hydrogenation (1.1 atm) with Pd(OH)2 as catalyst (the
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course of the reactionwasmonitoredwith TLC; it completed in 3 h).
The product was filtered and solvent removed on a rotary evapo-
rator. To one-third of this product, 1 mL TFA was added and the
reaction mixture was alternately sonicated and stirred for 15 min.
TFAwas removed by flow of nitrogen, and the product was purified
using preparative scale HPLC (gradient 2e30% ACN in 60 min,
tR ¼ 38.1 min). 113 mg of product was obtained (isolated
yield ¼ 60%). Analytical HPLC (gradient 2e100% ACN in 30 min,
tR ¼ 14.8 min). HRMS (ESI-): calculated for C39H74 N4O20 [M]-

917.48,236. Found 917.48,138. A stock solution of compound 2 was
prepared by dissolving 40 mg of the inhibitor in 1 mL deionized
water.

2.3. Preparation of a standard solution of GCPII

GCPII proteinwas prepared as previously described [38]. Briefly,
the extracellular portion of GCPII (amino acids 44e750 with an
AviTag at the N-terminus) was produced in insect S2 cells; purified
on Streptavidin mutein matrix; dialyzed against 20 mM MOPS,
20 mM NaCl, pH 7.4; aliquoted; and stored at �80 �C. The purity
was estimated to be >95% using sodium dodecyl sulfate - poly-
acrylamide gel electrophoresis (SDS-PAGE). The concentration of
purified protein was 0.24 mg/mL, as determined by amino acid
analysis after hydrolysis.

A solution containing 10 ng/mL of the isolated protein was
prepared by diluting the stock solution with phosphate buffer
(pH ¼ 7.2). The sample was divided into 10 aliquots, which were
kept at �20 �C. Aliquots were diluted to the concentration levels
described in the Results section immediately before use.

2.4. Preparation of samples of whole human blood

Five healthy volunteers in ranging in age from 50 to 71 years (5
males, 0 females) agreed to participate in this study. Blood speci-
mens were collected to 2 mL Eppendorf tubes with citrate as
anticoagulating agent. Samples were kept at �80 �C and analyzed
within 24 h. Blood samples were prepared by dilution 200 mL whole
blood with 800 mL water (total volume of blood samples was 1 mL).
No additional sample pre-treatment was performed. This step is
necessary to reduce a total sample density and viscosity to further
increase efficiency of consecutive magnetic isolation of GCPII from
the sample.

2.5. Preparation of silver nanoparticles

Silver nanoparticles were prepared by a reduction of silver
ammonia complex cation [Ag(NH3)2]þ with D-maltose according to
protocol previously described by Panacek et al. [39]. Briefly, silver
nitrate and the maltose were dissolved in distilled water to initial
concentrations of 1 mmol and 10 mmol, respectively. The concen-
tration of ammonia was 5 mmol. After the silver, sugar, and
ammonia had been added, the reaction system's pHwas adjusted to
11.5 ± 0.1 by adding sodium hydroxide, initiating the reduction
process. The reaction was considered complete after four minutes,
yielding a nearly monodispersed suspension of maltose-reduced
silver nanoparticles with an average particle size of about 28 nm.

2.6. Synthesis of Fe3O4@Anti-GCPII@Ag nanocomposite

First, magnetite nanoparticles stabilized using carboxymethyl
cellulose (cmcFe3O4) were prepared according to the protocol
described by Bakandritsos et al. [40]. Briefly, CMC and FeSO4$7H2O
form a complex in aqueous solution. When NH4OH (28%) is added
to the mixture and the suspension is heated to 50 �C, a magnetic
colloid form. The sample was centrifuged, and the supernatant
containing residual chemicals from the reaction was removed and
replaced with water, and the sample was sonicated. Subsequent
functionalization of the nanomaterial is schematically described in
Fig. 1. A 75-mL aliquot of carboxymethyl cmcFe3O4 (containing
250 mg of nanomaterial) was activated by 5 mL of EDC (activation of
carboxyl groups). After 15 min, 10 mg of compound 2 was added,
and the total volume was adjusted to 250 mL. Immobilization of the
inhibitor was performed overnight. The cMNPs loaded with com-
pound 2 was washed using centrifugation (20,000 rpm) to remove
free inhibitor. Finally, 10 mL of silver nanoparticles was added to the
mixture to add silver onto the surface of Fe3O4@Anti-GCPII nano-
particles, and nanoparticles were stirred 10e15 min at room
temperature.

2.7. Preparation of samples containing GCPII

Analysis of GCPII using Fe3O4@Anti-GCPII@Ag nanoparticles was
performed according to the following protocol: first, 10 mL of
Fe3O4@Anti-GCPII@Ag nanocomposite was mixed with 10 mL of a
standard solution of GCPII (c ¼ 10 ng/mL), and the mixture was left

Scheme 1. Synthesis of Anti-GCPII (labeled as compound 2)
a) Z-PEG12-COOH, TBTU, DIEA, DMF; b) 1) H2, Pd(OH)2, MeOH; 2) TFA.
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for 30 min at room temperature. The dispersion was carefully
mixed prior to use. Product was magnetically separated, washed
three times with deionized water, and analyzed using our MA-SERS
approach. The droplet containing sample and sensor was deposited
on a glass platform, sensor was magnetically shifted closer to the
droplet edge and measured immediately. Spectra were collected on
nine representative spots and averaged.

2.8. Apparatus

The z potentials of the starting material and final products were
measured using a Zetasizer NanoZS (Malvern, UK). Raman spectra
were measured on a DXR Raman spectroscope (Thermo Scientific,
U.S.A) equipped with a red excitation laser operating at 633 nm.
Stokes Raman spectra were collected in the 400-1800 cm�1 range
with a spectral resolution of 1.0 cm�1. The Raman spectrometer was
operated with the following experimental parameters: exposure
time 32 s, laser power on sample 8 mW, 32 microscans were
averaged to obtain one experimental point. Spectral background
was corrected using subtraction of polynomic functions (n ¼ 3) to
remove interference caused by fluorescence. The measured spectra
are presented in terms of their Raman scattered photon count.
Elemental mapping was conducted using a high-resolution trans-
mission electron microscope (HR-TEM TITAN 60e300 kV) oper-
ating at 80 kV. Protein quantification was performed using the TQ-
Analyst software package (Omnic version 8, Thermo Scientific,
USA).

2.9. Analysis of samples

Our analytical method utilizes Fe3O4@Ag magnetic nano-
composite functionalized with a low-molecular-weight GCPII in-
hibitor (compound 2). The final (Fe3O4@Anti-GCPII@Ag)
nanocomposite serves as a biosensor with dual modality: magnetic
separation of GCPII from a complex biological sample and follow-up
detection using surface-enhanced Raman spectroscopy. Prepared
samples containing Fe3O4@Anti-GCPII@Ag@GCPII were magneti-
cally isolated and diluted with deionized water (V ¼ 0.02 mL). The
resulting drop was deposited on a glass substrate and analyzed by
Raman spectroscopy at 9 representative spots. Resulting spectral
data were averaged and utilized in the follow-up steps.

2.10. Analysis of real samples

Real blood samples were analyzed analogically to a protocol
described in the Experimental section, paragraph 2.9, and con-
centration of GCPII was determined using a following procedure.
First, approximate concentration of the GCPII in the sample was

calculated from an external calibration constructed using standard
solutions in a concertation range 5e200 ng mL�1. Second, con-
centration of GCPII was determined using a standard addition
method based on three consecutive additions of the standard so-
lution of GCP II. Concentrations of the standard GCPII additions
were based on an approximate concentration of GCPII from the first
step, where concentrations of additions 1e3 were set to be 30e50%
increments. Standard addition method was utilized to improve
method accuracy and minimize possible matrix effects. Spectral
band localized at 1335 cm�1 was employed in both steps for a
quantification purposes.

3. Results and discussion

3.1. Characterization of the GCPII nanosensor

The GCPII nanosensor, prepared as described in the Experi-
mental section, was characterized by transmission electron mi-
croscopy, Raman and infrared spectroscopy, and z-potential
measurements. High-resolution TEM results are displayed in
Fig. 2AeB. Silver nanoparticles with an average diameter of 30 nm
are enclosed by considerably smaller magnetic nanoparticles with
sizes around 10 nm, organized into dense superclusters. This
observation is further supported by high-angle angular dark field
image (HAADF, Fig. 2C) and energy dispersed spectroscopy (EDS,
Fig. 2DeE). The z-potential of the final biosensor was �46 mV,
indicating that the system is stable [41].

Acquired infrared spectral data are shown in Fig. 3A and B. The
recorded FT-IR spectra of free carboxymethyl-cellulose (CMC) and
functionalized cmcFe3O4 demonstrate successful immobilization of
CMC on the surface of the magnetic nanoparticles (Fig. 3A). Spectra
were interpreted in accordance with approaches defined by Barth
[42]. Both spectra contain characteristic bands of pure CMC at
3400e3000 (OeH stretch), 2917 (CeH stretch), 1594 (-COO-

asymmetric stretch), 1417 (-COO- symmetric stretch), 1338
(bridgeeOestretch), 1058 (CeO stretch), and 910 cm�1 (pyranose
ring). Moreover, the characteristic band for magnetite at 590 cm�1

was found in cmcFe3O4 data. Anchoring of the Anti-GCPII is docu-
mented in the spectral data shown in Fig. 3B. The obtained FT-IR
spectra of free Anti-GCPII and Fe3O4@Anti-GCPII contain spectral
bands at 1626e1629 (Lys, NH3

þ asymmetric stretch), 1404 (Glu,
COO� vib. stretch), 1650 (amide I C¼O stretch) and 1400 cm�1

(amide III C-N stretch).

3.2. Analysis of GCPII in model samples

To evaluate use of the synthesized nanomaterial in the analysis
of GCPII, we first tested the analytical probe functionalized with

Fig. 1. General scheme describing the preparation and follow up functionalization of the nanomaterial.
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Anti-GCPII using a standard solution of purified recombinant GCPII
(c ¼ 10 ng/mL). The resulting data are shown in Fig. 4. Raman
spectra obtained from the analysis of the model sample of GCPII
(label: Standard of GCPII) contain, compared to a blank sample
(label: Blank sample) spectral bands characteristic of proteins.
Distinctive vibrations of proteins include dominant spectral bands
located at, 678 cm�1, 728 cm�1, 955 cm�1, 1235 cm�1 (amide III),
1335 cm�1 (C-H deformation bands of proteins), 1450 cm�1,
1577 cm�1, 1670 (Amide I) cm�1, and 1790 cm�1.

We next measured calibration spectra for GCPII in the con-
centration range from 5 to 200 ng/mL, where seven calibration
points with five technical replicates were evaluated. Spectral data
of all seven calibration standards are shown in Fig. 5A and final
calibration curve in Fig. 5B. These data illustrate that the Raman
intensity of spectral bands of proteins and amino acids, charac-
teristic for GCPII, change as the concentration varies. We desig-
nated the amide vibration of amide located at 1335 cm�1 as a
quantification marker due to its higher absolute intensity and
lower amount of interference compared to other intense spectral
bands (Fig. 4). The normalized intensity of the band was used
for construction of a calibration curve. The coefficient of deter-
mination (R [2]) of the linear regression was 0.985, and the limit
of detection (LOD) was 0.48 ng/mL (calculated from the S/N
ratio).

Next, the repeatability of the analytical procedurewas evaluated
on a set of five independent measurements (Fig. S1). All spectra are
fully comparable; the statistical difference between the 3 most
intensive bands in experimental data is lower than 7%. Further-
more, stability of the nanomaterial was evaluated using a set of
periodic measurements performed over a 21-day interval. The re-
sults are shown in Fig. S2. A moderate decline in the total intensity
of acquired spectral data due to a partial aggregation of the nano-
material can be observed. Nevertheless, spectral data acquired 21
days after the synthesis of the nanomaterial contain a strong
analytical signal of the measured chemical target.

3.3. Analysis of GCPII in samples of human whole blood

We next evaluated our functionalized nanocomposite for anal-
ysis of human whole blood samples containing various concen-
trations of GCPII. First, Raman spectrum obtained from the analysis
of real sample and standard solution of GCPII (c ¼ 10 ng mL�1) are
shown in Fig. 6. In-detail spectral analysis uncovered new bands
located at 1415 cm�1, and 1450 cm�1, present in the spectrum of the
real sample, indicating minor nonspecific interactions. Peak area of
the newly formed spectral bands is lower than 5% of total peak area
and does not interfere with a spectral band at 1335 cm�1 which
minimizes its influence on a quantification of GCPII. Furthermore,
total concertation of GCPII in real samples was performed using
standard addition method to minimize effects of nonspecific in-
teractions between matrix constituents and analytical sensor. Total
five real samples of healthy adult individuals were evaluated.
Spectral data of real samples and standard additions, accompanied
by calibration data and calculated coefficients of determination are
summarized in the Figure S-3. The GCPII concentrations in these
samples was found to be in the range from 1 to 7.3 ng/mL, which is
in a good correlation to previously reported values for a healthy
population [28]. The relative errors of determination (RSD) were
less than 10%. All values obtained, including calculated RSD and
confidence intervals are further summarized in Tables Se1 with
respective statistical values.

4. Conclusions

Tools to analyze the total amount of GCPII in biological samples
present the potential opportunity for development of prostate
cancer diagnostics. Working toward this goal, we developed a novel
approach based on utilization of a low-molecular-weight GCPII
ligand in MA-SERS analysis. The functionalization of raw Fe3O4@Ag
nanocomposite was based on the anchoring of a GCPII inhibitor on
its free surface. The resulting Fe3O4@Anti-GCPII@Ag functionalized

Fig. 2. High-resolution TEM images of colloidal Fe3O4@Ag stabilized by CMC. A: general overview of the sample, B: detailed view of a silver nanoparticle, C: HAADF image of the
sample, DeF: EDS characterization focused on the presence of Ag and Fe elements.
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nanocomposite was subsequently evaluated as a potential nano-
sensor for determination of the total amount of GCPII in whole
human blood samples. The calculated limits of quantification are in
the ng/mL range, and relative errors of determination, obtained
from the analysis of blood samples, are lower than 7%. Furthermore,
the method provides results with very good repeatability. The
Fe3O4@Anti-GCPII@Ag nanocomposite remained stable for 21 days.
The sensitivity of detection and simplicity of this method suggest
its promise as a potential alternative to generally applied analytical
procedures.

Fig. 4. Raman spectrum obtained by the analysis of Fe3O4@Anti-GCPII@Ag nano-
composite (label: Blank sample), and Raman spectrum obtained from the analysis of
purified recombinant GCPII (c ¼ 10 ng ml�1) using Fe3O4@Anti-GCPII@Ag nano-
composite (label: Standard of GCPII). An interpretation of spectral data is given in
Table S1. Data of Standard sample are shifted for 250 counts to make the figure
readable. Spectral bands are labeled in a following order: 1: 678 cm�1; 2: 728 cm�1; 3:
955 cm�1 4: 1335 cm�1; 5: 1455 cm�1; 6: 1577 cm�1 and 7: 1790 cm�1.

Fig. 5. A) Raman spectra obtained by analysis of GCPII at six different concentration
levels: 5e200 ng/mL. B) Calibration curve for GCPII, obtained from the spectral analysis
of standard samples.

Fig. 6. Raman spectra obtained by analysis of a whole blood sample containing GCPII
with nanocomposite functionalized by compound 2 (Whole blood) and reference
spectrum of a standard solution of GCPII (c ¼ 10 ng ml�1), analyzed using Fe3O4@Anti-
GCPII@Ag nanocomposite (Reference standard). Blank Raman spectrum represents an
analysis of human blood using raw nanomaterial (Fe3O4@Ag). Spectral bands are
labeled in a following order: Spectral bands are labeled in a following order: 1:
678 cm�1; 2: 728 cm�1; 3: 955 cm�1 4: 1335 cm-1; 5: 1371 cm�1.

Fig. 3. A: FT-IR spectroscopy of cmcFe3O4. Black, FT-IR of raw CMC; red, FT-IR of nano
Fe3O4 functionalized by CMC. B: FT-IR spectroscopy of functionalized Fe3O4@Anti-
GCPII. Black trace, FT-IR of raw Anti-GCPII; red trace, FT-IR of cmcFe3O4 functional-
ized by Anti-GCPII forming Fe3O4@Anti-GCPII. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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a  b  s  t  r  a  c  t

Sensitive,  reliable,  and selective  detection  of biochemical  markers  represents  a challenging  approach
toward  early  diagnosis  of  cancer  diseases.  However,  the  complexity  of  the targeted  physiological  environ-
ments  challenges  currently  available  protocols.  Therefore,  new,  reliable  methodologies  for  the  detection
of cancer  markers  are  highly  demanded.  Here,  we  describe  a new  method  for parallel  analysis  of  two
essential  cancer  markers,  HER2  (human  epidermal  growth  factor  receptor  2)  and  EpCAM  (epithelial  cell
adhesion  molecule).  The  method  is based  on a  combination  of  a Fe2O3@Ag  magnetic  nanocomposite  cova-
lently functionalized  with  anti-EpCAM  and  anti-HER2,  and surface-enhanced  Raman  spectroscopy.  The
detection  of target  molecules  employs  a competitive  approach  between  reference  compounds,  labeled
with Raman  active  tags,  and  their  naturally  accruing  counterparts.  The  limit  of  detection  was  deter-
mined  to be 5 ng  L−1, where  both  compounds  are  statistically  distinguishable  from  a  blank  sample  with
p  =  0.0093  (HER2)  and  0.0016  (EpCAM).  The  developed  methodology  presents  an  exciting  alternative  to
more  common  methods  including  immunological  methods  or PCR.

© 2018  Published  by Elsevier  Ltd.

1. Introduction

Cancer, a disease caused by an uncontrolled division of abnor-
mal  cells, is one of the leading causes of death worldwide. In
2012, an estimated 14.1 million new cases were diagnosed, and
8.2 million people died [1]. Breast cancer, with an occurrence
of 1.7 million cases, and with estimated 521 900 deaths, is the
most frequent type of cancer among women [1]. These numbers
strongly emphasize an urgent demand for novel methodologies
that will be able to provide a reliable screening of tumor mark-
ers involved in its early diagnosis [2]. The available screening
methods usually target tumor markers found in blood, urine,
or saliva [3–5], and include nucleic acids, metabolites, isoen-
zymes, or hormones. Nonetheless, the most important part of
the recognized markers represents proteins overexpressed by
cancer cells [6]. Human epidermal growth factor receptor 2
(HER2), also known as receptor tyrosine-protein kinase erbB-2 or
HER2/neu, is a member of the human epidermal growth factor
receptor family and is associated with breast, lung, and ovar-

∗ Corresponding authors.
E-mail addresses: vaclav.ranc@upol.cz (V. Ranc), radek.zboril@upol.cz

(R. Zbořil).

ian cancer [7]. HER2 is overexpressed in 10–25% of cases [8]
and is usually related to extremely aggressive forms [9]. Epithe-
lial cell adhesion molecule (EpCAM) belongs to the family of
the first discovered tumor-linked biomarkers [10]. It is often
linked to a variety of human adenocarcinomas and squamous
cell carcinomas or also breast, ovarian, and colon carcinomas
[10]. Cancer screening techniques include cytology, histopathol-
ogy, and immunochemistry [11–14] as well as tissue microarray
techniques [15–19] or chips and paper-based electrochemical
sensors [20–24]. Among potential candidates, surface-enhanced
Raman spectroscopy (SERS) has proved to be an interesting
alternative. Its potential has been demonstrated in the detec-
tion of many physiologically active compounds covering both
large proteins and low molecular compounds [25–27], bacteria
[28–30], viruses [31,32], neuro-hormones [33], and whole cells
[34,35]. Moreover, a newly developed SERS approach, referred to
as magnetically assisted surface-enhanced Raman spectroscopy
(MA-SERS), further increases the potential of SERS by employing
magnetic nanocomposites for highly efficient separation and pre-
concentration of target compounds by an external magnetic field
[25]. The improved analytical performance of MA-SERS has been
shown in cases covering a detection of cancer biomarkers and
circulating tumor cells (CTCs) using sandwich-based approaches

https://doi.org/10.1016/j.apmt.2018.08.016
2352-9407/© 2018 Published by Elsevier Ltd.
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[36–38], detection of non-small lung cancer cells with a limit of
detection (LOD) approximately 10 cells per mL  [34], detection
of CEA with a resulting LOD = 0.1 ng mL−1 [39], or detection of
a prostate-specific antigen by magnetic immunoassay technique
utilizing surface-enhanced Raman-scattering-based micro-droplet
sensor with an LOD = 0.1 ng mL−1 [40].

Nevertheless, a decision based on the detection of a sin-
gle cancer-related biomarker does not often deliver suitable
true positive or true negative rates. The demand for meth-
ods providing a multiplex detection of several biomarkers gives
an opportunity to various types of highly advanced biosensors
[41].

SERS-based methods for multiplex analyses usually introduce
several Raman tags to distinguish the signals from targeted ana-
lytes [42]. Granger et al. [43] described a multiplex detection of
pancreatic adenocarcinoma markers—serum carbohydrate antigen
19-9 and matrix metalloproteinase-7. The obtained results were
subsequently compared to enzyme-linked immunosorption assay
(ELISA) and eventually a good correlation was found [43]. Raman
tags or reporters were also used for the simultaneous multiplex
SERS detection of cancer markers, such as cancer antigen (CA) 15-3,
CA 27-29, Glypican-3, �-fetoprotein, or cancer embryonic anti-
gen (CEA) [5,44,45]. Maiti et al. [46] developed a biocompatible
SERS nanotag with high stability by using sensitive triphenylme-
thine Raman reporters covalently attached to gold nanoparticles
using lipoic acid (LA) as a linker. The prepared SERS nanotags
were conjugated to selective antibodies recognizing HER2 and
EGFR cancer proteins [46]. The above-mentioned experimental
methods and approaches exhibit high selectivity and sensitivity
in comparison with commonly used immunological methods like
ELISA.

On the other hand, nonspecific interactions of the prepared
materials with as complicated matrix as whole human blood cause
interferences of signal and considerably limit such methods in clin-
ical practice. Herein, we present a novel magnetic sensor for a
competitive multiplexed detection of HER2 and EpCAM biomark-
ers using the SERS approach. The developed sensor employs
Fe2O3@Ag nanocomposite functionalized by anti-HER2 and anti-
EpCAM antibodies. The detection is based on the competition
between naturally present biomarkers and their tagged (refer-
ence) counterparts. This approach allows for a simple magnetic
separation of the sensor from human whole blood, minimizes the
influence of nonspecific interactions through a competition-based
approach and active surface functionalization of the nanocom-
posite, and increases the method reliability through a developed
statistical evaluation.

2. Materials and methods

2.1. Chemicals

Silver nitrate (p.a.), d-(+)-maltose monohydrate (BioX-
tra, ≥99%), ammonium hydroxide solution (ACS reagent,
28.0–30.0% NH3 basis), carboxy-functionalized magnetic
particles (18–22 mg  mL−1), 1-[3-(dimethylamino)propyl]-3-
ethylcarbodiimide methiodide (EDC), N-hydroxysulfosuccinimide
sodium salt (≥98% (HPLC); NHS), sodium chloride (BioXtra, ≥99.5%
(AT), anti-HER2 antibody produced in rabbit, anti-EpCAM antibody
produced in rabbit, ethylamine (purum, 70% in H2O), Cy

®
3 mAb

Kit, Cy
®

5 mAb  Kit were purchased from Sigma-Aldrich (USA) and
used without further purification. Human HER2/ErbB2 Protein (Fc
Tag) was purchased from Sino Biological, Inc. (China), recombinant
human EpCAM protein was purchased from Abcam (United King-
dom), H3PO4 (p.a., 85%, w/w) and NaOH (p.a.) was bought from
Lach-Ner (Czech Republic).

2.2. Functionalization of magnetic particles with antibodies
(Fig. 1)

Magnetic particles with carboxylic groups were activated using
EDC/NHS mixture (1:1, final concentration of 10 mM)  and the reac-
tion was stirred for 30 min; the particles were then magnetically
separated and washed with 5 mL  of PBS buffer. In the next step,
the particles with the previously activated carboxylic groups were
mixed with antibodies (c = 10 mg  L−1) and stirred overnight to form
a covalent bond between free amino (–NH2) groups present in the
structure of the antibodies and the activated carboxylic groups of
the magnetic particles. After the immobilization of antibodies, the
magnetic particles were separated by a magnet and washed with
10 mM phosphate-buffered saline (PBS) buffer. After washing with
the PBS buffer, the ethylamine with final concentration 3.5% wt.
was added to block the rest of the active carboxylic groups to pre-
vent any nonspecific interactions. In a final step, the functionalized
nanoparticles were washed three times with PBS buffer (Fig. 1).

2.3. Labeling of proteins

Proteins (HER2, EpCAM) were labeled using a labeling kit con-
taining reactive fluorescent dye Cy3 or Cy5 tags, coupling buffer
(1 M sodium carbonate buffer, pH 9.3), and PBS buffer. HER2 protein
was labeled with Cy3 tag (HER2 Cy3) in a ratio 1:10 and EpCAM pro-
tein with Cy5 tag (EpCAM Cy5) in the same ratio as HER2 according
to the recommended procedure. The labeled proteins were purified
using centrifugal filter units (Amicon Ultra 0.5 mL,  MWCO 3 kDa) at
10 000 rpm for 10 min  to separate the excessive free compound.
The concentration of the proteins after labeling with Cy3 and Cy5
was measured using a colorimetric method with Coomassie Bril-
liant Blue G-250 agent (Bradford assay) at 595 nm.  According to
the measured data, the concentration of the markers after labeling
was the following: HER 0.009 mg mL−1 and EpCAM 0.01 mg mL−1.
The labeled marker HER2 (HER2 Cy3) was analyzed using HPLC-
UV system to find out the yield of the labeling process. From the
chromatogram, it was  found that 70% of markers were successfully
labeled (Fig. S1) and the sample did not contain a free Cy3 tag. The
same yield of the labeling process was expected for EpCAM Cy5. The
optimal concentration for competitive analysis was  set up experi-
mentally as a breakpoint in a graph of the intensity–concentration
dependence of the 1450 cm−1 spectral band of the labeled mark-
ers (Fig. S2). Two linear fits were used for the calculation, and the
breakpoint was  determined at the concentration 10 ng L−1.

2.4. Apparatus

The �-potential was measured using a Zetasizer NanoZS
(Malvern, UK). A high-resolution transmission electron microscope
(HR-TEM FEI Titan G2 60–300) with an X-FEG type emission gun,
operating at 80 kV, was used to obtain the images of the final
products. This microscope is equipped with a Cs image corrector
and an TEM high-angle annular dark field detector (HAADF). The
point of resolution is 0.08 nm in the TEM mode. The elemental
mapping was  obtained by STEM-energy dispersive X-ray spec-
troscopy (EDS; Bruker SuperX) with acquisition time 20 min. The
X-ray powder diffraction pattern was recorded on a PANalytical
X’Pert PRO diffractometer in Bragg–Brentano geometry, equipped
with an iron-filtered Co K� radiation source, X’Celerator detector,
programmable divergence, and diffracted beam anti-scatter slits.
200 �L of the liquid sample was dropped on a zero-background
Si slide, dried under vacuum at RT, and scanned in the two �
range from 10◦ to 105◦ under ambient conditions. Samples of
protein standard and Cy3-labeled protein were analyzed using
HPLC-UV system (Dionex UltiMate 3000, Thermo Scientific, USA).
The samples were separated on a C18 column (Nucleodur C18
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Fig. 1. Schema of sensor preparation (functionalization of MNPs with antibodies anti-HER2 and anti-EpCAM).

Gravity, 150 × 2 mm,  1.8 �m particles). The separation was  per-
formed under isocratic conditions with composition of mobile
phase: water:acetonitrile:TFA (0.95:0.049:0.001, v/v/v). The sep-
arated peaks were detected using a UV detector operating at
274 nm.  Raman spectra were collected using a DXR Raman spec-
troscopy (Thermo Scientific, USA) equipped with a laser operating
at a wavelength of 633 nm.  The laser power on the sample was
set to 5 mW.  Each measured Raman spectrum was an average of
four experimental microscans. The acquisition time was  set to 3 s.
SERS experiments employing silver nanoparticles were performed
according to the procedure previously described by Fargašová
et al. [47]. Briefly, 1 �L of the sample was mixed with 7 �L of
the prepared silver nanoparticles (108 mg  L−1, 30 nm), and then
2 �L of sodium chloride (c = 4 mol  L−1) was added to the mixture,
mixed thoroughly, and analyzed using SERS. Infrared spectra were
acquired using a Nicolet iS5 infrared spectrometer (Thermo Sci-
entific, USA). A total of 32 scans were measured and averaged for
each material. Raman and IR spectra were evaluated using instru-
ment control software (Omnic, version 8, Thermo Scientific, USA),
and heights of the target spectral bands were statistically assessed
using LibreOffice (version 4.3.0, The Document Foundation, Berlin,
Germany). Discriminant analysis was performed using the TQ Ana-
lyst. It revealed significant differences between blank samples and
model samples according to the intensity ratios of the selected
spectral bands (660, 475, and 373 cm−1).

2.5. Sample preparation

The blank sample composed of the PBS (c = 10 mM,  pH 7.5).
The model samples contained a HER2 and EpCAM biomarkers
at concentration levels 5, 10, and 25 ng L−1 dissolved in the PBS
(c = 10 mM,  pH 7.5). The human whole blood samples (20 samples
from two volunteers, V = 1 mL)  were collected with the volun-
teers’ permission for blood collection and subsequent experiments.
Whole human blood was diluted 100 times with PBS (c = 10 mM,  pH
7.5), and spiked with HER2 and EpCAM biomarkers at final concen-
trations 5 and 10 ng L−1.

2.6. Sample analysis

The samples were analyzed using a procedure described in Fig. 2.
First, 2 �L of the sample (blank, model, human whole blood) was

Fig. 2. Schema of competitive multiplex analysis of two different tumor markers in
human whole blood.

mixed with 10 �L of the prepared MNPs@anti-HER2@anti-EpCAM
sensor. After the sample was shaken for 1 h, the sensor was  magnet-
ically separated, washed with PBS (10 mM,  pH 7.5), and dispensed
in 10 �L PBS. Consecutively, 2 �L of the tagged HER2 Cy3 and
EpCAM Cy5 (final concentration 10 ng L−1) was  added and the mix-
ture vortexed. After 1 h, the sample was magnetically separated
from an excess of the tagged markers and washed with deionized
water (20 �L) twice. Finally, the sample was  analyzed using SERS
according to a previously described procedure.

3. Results and discussion

3.1. Characterization of magnetic nanoparticles and MNPs@Ag
hybrid system

The chemical structure of the initial magnetic nanoparticles
(Fig. 3A) and Fe2O3@Ag nanocomposite (Fig. S3) was investigated
using X-ray powder diffraction (XRD). Maghemite (�-Fe2O3) and
silver were identified as the only crystalline phase in the sam-
ple (Fig. S3). The crystallite size of initial magnetic nanoparticles
derived from Rietveld refinement was  13 nm. The HRTEM images
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Fig. 3. (A) XRD spectrum of pristine MNPs; (B) HRTEM image of MNPs@Ag hybrid system including HAADF/EDS elemental mapping in the inset (scale bar 70 nm); (C) IR
spectra  of the initial MNPs and functionalized MNPs.

Fig. 4. Raman spectra of functionalized MNPs with anti-HER2 after addition of labeled tumor marker HER2 (HER2 Cy3), Raman spectra of functionalized MNPs with anti-
EpCAM after addition of labeled tumor marker EpCAM (EpCAM Cy5), multiplex Raman analysis with the sensor (MNPs@anti-HER2@anti-EpCAM) after addition of labeled
tumor  markers HER2 (HER2 Cy3) and EpCAM (EpCAM Cy5).

accompanied by an elemental map  with the distribution of Ag and
MNPs are depicted in Fig. 3B. The brighter, smaller objects were
identified as Fe2O3 particles having a size in the range 10–15 nm,
in a good correspondence with XRD data. Larger objects on the
image belong to the activated silver nanoparticles exhibiting an
average size about 30 nm.  This interpretation is further supported
by an elemental map  as depicted in the right corner of Fig. 3B.

The smaller yellow parts of the image represent iron oxide par-
ticles, whereas the blue spots correspond to silver nanoparticles.
Infrared spectroscopy and �-potential measurements were used
to monitor changes in the surface characteristics of the func-
tionalized MNPs during the surface functionalization process. The
measured �-potential of unmodified initial magnetic nanopar-
ticles was  –22.3 mV.  The strong negative charge of MNPs was
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caused by carboxylic groups present on the surface of the mag-
netic nanoparticles. The activation of the carboxylic groups with
an aqueous solution of EDC and NHS was accompanied by a con-
siderable change of firstly negative charge to positive values of
+7 mV  (��-potential = 29.3 mV). The final step related to immobi-
lization of anti-HER2 and anti-EpCAM antibodies onto the MNPs
surface. Consecutive anchoring of proteins changed the charge to
more positive values of +9 mV  for anti-HER2 and +8 mV  in the case
of anti-EpCAM. The successful immobilization of both antibodies
was further confirmed by measured IR spectra, as shown in Fig. 3C.
The spectrum contains bands located at 3430 cm−1 interpreted as
a stretching vibration of O–H, and band at 1726 cm−1 interpreted
as a C=O vibration of the carboxyl groups presented on the surface
of magnetic particles [48,49]. The presence of the anchored pro-
teins is supported by the presence of two strong protein bands of
amide I (–CO–NH) and amide II (–CO–NH–) localized at 1570 and
1650 cm−1, respectively [50,51].

The spectral band at 1385 cm−1 represents COO stretching, and
it is caused by the presence of the remaining unmodified carboxylic
groups on the Fe2O3 surface [52].

3.2. Raman characterization of the sensor

The sensor MNPs@anti-HER2@anti-EpCAM was designed for
the competitive multiplex analysis of two different tumor mark-
ers, HER2 and EpCAM, in whole human blood by a competitive
approach with tagged standards of HER2, HER2 Cy3, and EpCAM,
EpCAM Cy5. Firstly, Raman spectra of functionalized MNPs were
obtained to confirm the successful immobilization of antibodies
HER2 (orange trace) and EpCAM (green trace) onto the MNPs sur-
face, as shown in Fig. S4. The spectra contain characteristic protein
bands amide III (1240 cm−1) and amide II (1554 cm−1) represent-
ing successful anchoring of the proteins [50,51,53–55]. Secondly,
labeling of reference compounds was evaluated. SERS spectra of
the stock solutions of tags (Cy3, Cy5) and labeled markers were
measured and are shown in Fig. S5. Raman spectra of the sensor
and pure compounds, including Cy3, Cy5, HER2, and EpCAM, were
compared to confirm the successful labeling of the proteins HER2
and EpCAM using respective Raman tags in the presence of spectral
bands located at 373 cm−1 (Cy3) and 475 cm−1 (Cy5). Furthermore,
to considerably improve the method reliability, a reference band
located at 660 cm−1, characteristic for tyrosine, was selected and
used in the consecutive analytical steps. Raman spectra obtained
by the analysis of tagged tumor markers HER2 Cy3 and EpCAM Cy5
are shown in Fig. 4. The red trace represents a Raman spectrum
obtained by the analysis of HER2 using MNPs@anti-HER2 sensor.
The spectrum contains abundant spectral bands characteristic for
Cy3 and reference band located at 660 cm−1. The blue trace repre-
sents a Raman spectrum obtained by the analysis of EpCAM antigen
using MNPs@anti-EpCAM sensor and contains strong spectral char-
acteristic for Cy5 and reference band at 660 cm−1. The orange trace
shows a Raman spectrum obtained by the multiplex analysis of both
proteins using MNPs@anti-HER2@anti-EpCAM sensor. The spec-
trum contains spectral bands of both tags, namely Cy3 at 373 cm−1

and Cy5 at 475 cm−1.

3.3. Multiplex analysis with model samples

The multiplex analysis was based on a competition between
unlabeled tumor markers HER2 and EpCAM; and labeled tumor
markers HER2 Cy3 and EpCAM Cy5. To test the sensor function-
ality, the spectra of the blank samples and the model samples
were evaluated and used for further calculation. The analysis was
done using 10 blank samples and 10 model samples. Each sample
was measured five times. The average intensity of Cy3, Cy5, and

Fig. 5. Discriminant analysis of MNPs with single markers HER2, EpCAM, and sensor
(MNPs@anti-HER2@anti-EpCAM) for multiplex analysis.

reference spectral bands, obtained for five independent measure-
ments, was  used for the calculation of the overall intensity ratio as

RTag = ITag

Iref
(1)

where ITag represents a spectral intensity of the respective Raman
tag (Cy3 or Cy5), and Iref represents a spectral intensity of the
reference band present at 660 cm−1. The ratios were calculated for
the blank samples (PBS buffer, c = 10 nM,  pH 7), and model samples
containing natural HER2 and EpCAM compounds in ratios 1:1 and
1:2 (c/c, tagged:natural). The competition between the tagged and
the natural antigens will be projected in the lowered intensity
of spectral bands characteristic for the tags. This hypothesis was
confirmed in the present Raman spectra of the blank sample and
the model sample containing 10 ng L−1 HER2 and EpCAM (Fig.
S6). The decrease in the signal intensities was determined for
each tag separately. The intensity ratio (ITag/Iref) changed from
0.15 (Cy3) and 0.12 (Cy5) in the blank samples that contained
only labeled markers to 0.08 (Cy3) and 0.03 (Cy5) in the model
samples that also contained unlabeled markers. Such changes
refer to a successful interaction between sensor and natural HER2
and EpCAM compounds and occupation of binding sites by natural
markers prior to labeled markers.

3.4. Statistical evaluation of the method

The method potential was further evaluated by a discriminant
analysis, where spectral bands of the reference (tyrosine), Cy3, and
Cy5 (660, 475, and 373 cm−1) were included. Fig. 5 demonstrates
the presence of significant differences between Raman spectra of
blank samples (square mark) and model sample (triangle mark).
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Fig. 6. (A) Detail of the spectral region from 300 to 550 cm−1 originated from the marked area in (B); (B) Raman spectra of multiplex analysis using a sensor with only labeled
tumor  markers HER2 (HER2 Cy3) and EpCAM (EpCAM Cy5) (black line), Raman spectra of multiplex analysis using a sensor with unlabeled tumor markers in a buffer solution
and  labeled tumor markers (model sample; red line), Raman spectra of competitive multiplex analysis of human whole blood containing tumor markers using sensor and
labeled  tumor markers (blue line). The shift between spectra is 200 units of Raman intensity to make the figure more transparent.

The differences were caused by a decrease in intensity due to
the competition between the unlabeled markers and the labeled
markers as described above. The calculated average Mahalanobis
distance between clusters was the following: 1.9 for HER2, 2.0 for
EpCAM, and 2.1 for the multiplex sample.

3.5. Stability and reproducibility

Signal and sensor stability were evaluated to test the method’s
reliability. The signal stability was tested with a blank sample to
obtain the Raman spectra during the time interval from 2 to 12 min
after the preparation. Fig. S7 shows that all the spectra contain the
same spectral bands, although their absolute intensities decrease
inappreciably over time. Also, the reproducibility of the system was
tested. Raman spectra of six different drops of the sensor with the
labeled markers are presented in Fig. S8. In both cases, the spectra
are very similar without any considerable changes and it can be
thus stated that the method produces repeatable results. The spec-
tra were supported by calculating the relative standard deviation
(RSD) separately for each tag. The calculated RSD values, defined
as an I373/I660 ratio or I475/I660 ratio, were 5.6 and 2.2%, respec-
tively. The LOD was determined according the 3 s/m criteria where
‘s’ is the standard deviation of the low concentration of the analyte
and ‘m’  is the slope of the calibration graph (Fig. S9). The calculated
value of the LOD was 4.9 ng L−1. Long-term stability was  evaluated
on the blank sample. The resulting spectra are presented in Fig. S10.
Ten days after preparation, the activity of the system was 81%. After
40 days, the intensity of the band at 660 cm−1 was  57% lower due
to sensor degradation, however it can be clearly seen that the spec-
trum of the 40-day-old sample contains the same spectral bands
as the sample measured immediately after the preparation so the
system is still fully operational.

3.6. Multiplex analysis of human whole blood samples

The application potential of the proposed method was  further
tested with the aim of using it for the competitive multiplex analy-
sis of human whole blood samples (details are given in Section 2).
Ten samples from two volunteers were collected and analyzed five
times to perform a statistical evaluation. The process of the sensor
synthesis was tuned to minimize nonspecific interactions of the

functionalized MNPs with non-targeted compounds present in the
complex matrix of human blood by addition of ethylamine in the
last step of sensor preparation and careful multiple washing with
deionized water. However, new spectral bands located at 560 and
1242 cm−1 in the spectrum of the blood sample indicate minor non-
specific interactions; nonetheless, their interference is minimized
by a described post-processing procedure and they do not influence
the detection. A SERS spectrum for the whole blood is presented in
Fig. 6, showing that all the bands previously attributed to the model
and blank samples (a) demonstrate an absence of interfering non-
specific interactions and (b) show a change in absolute intensities
of the evaluated spectral bands with respect to a changing con-
centration of target compounds HER2 and EpCAM. The additional
statistical evaluation was performed by Student’s t-test for paired
group. Student’s t-tests were performed to determine the signif-
icance of differences of average intensity ratios for Cy3 and Cy5
(as described earlier) between blank and whole blood samples. The
calculated p-values were 0.0093 for HER2 and 0.0016 for EpCAM.
Such results show a statistically significant difference between the
samples. The results of the t-test for competitive multiplex analysis
are in Table S1.

4. Conclusions

Current screening methods for the detection of cancer markers
in clinical samples are mostly based on the fluorescence analysis.
Such methods can detect targets at low concentration levels but
the high risk of autofluorescence and photobleaching makes these
methods difficult to apply to all samples. Here we  report a mag-
netic biosensor for the multiplex detection of tumor markers in
the whole human blood. The designed sensor enables simultaneous
detection of two different tumor markers in one step using SERS.
Moreover, the magnetic properties allow a simple manipulation.
The analysis is based on the competition between unlabeled (HER2,
EpCAM) and tagged biomarkers (HER2 Cy3, EpCAM Cy5) to min-
imize the influence of nonspecific interactions. Both biomarkers
compete for the active sites on the respective antibodies, anchored
on a surface of the prepared sensor. The benefit of such an approach
lies mainly in the possible substitution of anti-HER2 and anti-
EpCAM for other antibodies as well as for other small molecular
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targets using specific compounds that can be employed in the anal-
ysis. An interesting alternative would be the application of the
designed sensor for the screening of CTCs in blood, which is essen-
tial for the early detection of cancer and tracing metastasis in real
time.
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Abstract
Endodontic treatment of immature permanent teeth with necrotic pulp poses several clinical challenges and is one of the most
demanding interventions in endodontics. Recently, with new discoveries in the field of tissue engineering, novel treatment
protocols have been established. The most promising treatment modality is revascularization, whose integral part is the exposure
of collagen matrix and embedded growth factors. However, optimization of the treatment protocol requires a development of
analytical procedures able to analyze growth factors directly on the sample surface. In this work, method based on surface-
enhanced Raman spectroscopy (SERS) was developed to investigate the influence of the time of the medical treatment using
EDTA on exposure and accessibility of the growth factors, namely TGF-ß1, BMP-2, and bFGF on the dentine surface. The
nanotags, which consist of magnetic Fe3O4@Ag nanocomposite covalently functionalized by tagged antibodies (anti-TGF-ß1-
Cy3, anti-BMP-2-Cy5, and anti-bFGF-Cy7), were employed as a SERS substrate. Each antibody was coupled with a unique label
allowing us to perform a parallel analysis of all three growth factors within one analytical run. Developed methodology presents
an interesting alternative to a fluorescence microscopy and in contrary allows evaluating a chemical composition and thus
minimizing possible false-positive results.

Keywords SERS . Nanocomposites . Growth factors . Imaging

Introduction

The endodontic treatment of immature permanent teeth with
necrotic pulp remains one of the most challenging treatment
options in endodontics. Root canal treatment is nowadays a
standard modality for teeth with infected dental pulp [1].
However, this process is still a subject to several clinical chal-
lenges [2, 3]. Nowadays, the cell-free approach of regenera-
tive treatment known as revascularization or revitalization

belongs among the most applied approaches. It depends on
the intracanal delivery of scaffold which is rich in growth
factors and contains stem cells or can attract such cells resid-
ing in the periapical region [4, 5]. The growth factors of the
extracellular dentinal matrix, with significant roles in pulp-
dentin regeneration, are transforming growth factor-beta1
(TGF-ß1), bone morphogenetic protein-2 (BMP-2), and basic
fibroblast growth factor (bFGF). One of the most considerable
challenges of the newly developed protocols is efficient re-
moval of the present smear layer [6]. Smear layer is an amor-
phous layer of dentin, pulp, and bacterial remnants which is
produced during cavity preparation or root canal instrumenta-
tion. The content is composed of two distinct layers where a
thin superficial layer 1–2 μm thick is overlying a densely
packed layer that penetrated into the dentinal tubules which
are subsequently occluded. The organic part is mostly com-
posed of collagen residues and glycosaminoglycans [7]. Its
presence is efficiently lowering the availability of the growth
factors by an effective blocking of the surface for further in-
teractions. Based on its structure, it cannot be removed by a
water stream, and it is thus usually treated with acids [8] or
chelators such as ethylenediaminetetraacetic acid (EDTA)
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[9–11]. The efficiency of each treatment approach is given by
the number of the exposed growth factors available for further
interactions with the introduced stem cells, and development
of analytical protocols allowing us to study the distribution of
the growth factors on the dentin surface is thus essential.

Majority of approaches is based on immunohistochemical
localization of the growth factors, including recently pub-
lished works by Hisamoto et al. [12], where selected growth
factors and receptors in the tooth germ of murine fetuses and
neonates were studied; Shubo et al. [13], where an expression
of growth factors such as connective tissue growth factor and
TGF-ß1 was studied during a mouse tooth development; and
Niwa et al., who demonstrated a localization of TGF-ß in
dental pulp, odotoblasts, and dentin [14]. However, the results
obtained by an immunohistochemical analysis could be influ-
enced by a presence of nonspecific interactions and thus false-
positive results. Interestingly, only a limited number of works
employs alternative approaches. One of few examples was
demonstrated by Zhao et al., where a distribution of TGF-ß
isoforms on dentinal cut surfaces of mature teeth was studied
using an electron microscopy and functionalized gold sub-
strate [15].

To our best knowledge, parallel imaging of growth factors
directly on the dentin surface using molecular spectroscopy
has not been reported yet. Raman spectroscopy has been pre-
viously exploited in this area only superficially, despite its
considerable potential. It was applied in the analysis of carious
lesions in enamel [16], analysis of enamel fluorosis at healthy
and affected samples [17], study of dentine [18], or analysis of
microorganism present in oral cavity [19, 20]. The potential of
Raman spectroscopy was considerably increased with a dis-
covery of surface-enhanced Raman scattering (SERS) by
Fleishman [21]. Recent modification of SERS, The magneti-
cally assisted surface-enhanced Raman spectroscopy (MA-
SERS) presents an interesting alternative to a selective detec-
tion of single molecules, such as PSMA, dopamine, or IgG
[22–24]. However, its application in surface imaging was lim-
ited. The aims of this present work are to enhance the original
MA-SERS methodology and to apply it in a parallel imaging
of growth factors, namely TGF-β1, BMP-2, and bFGF, on
root dentin canals on four real samples. The developed meth-
odology is based on magnetic Fe3O4@Ag nanosensors, func-
tionalized using covalently anchored antibodies tagged with
unique Raman tags.

Experimental section

Reagents and chemicals

Silver nitrate (p.a.), 1-[3-(dimethylamino)propyl]-3-
e t h y l c a r b o d i i m i d e m e t h i o d i d e ( E D C ) , N -
hydroxysulfosuccinimide sodium salt (98% (HPLC); NHS),

Cy3 mAb kit, Cy5 mAb kit, and Cy7 mAb kit were purchased
from Sigma-Aldrich (San Jose, USA). H3PO4 (p.a., 85% w/w)
and NaOH (p.a.) were purchased from Lach-Ner. Acetic acid
(99.8%) and methanol (p.a.) were obtained from P-LAB
(Czech Republic). Antibodies, namely anti-TGF-ß1, anti-
BMP-2, and anti-bFGF, were purchased from Abcam (UK).

Sample extraction

Five non-carious immature single-rooted human premolars
were obtained from three patients in cases where extraction
of these teeth had been indicated for orthodontic reasons and
otherwise the teeth would have been disposed of. The parents
were informed about further usage of the extracted premolars
and a written informed consent was obtained. The approval of
the ethic committee of the Faculty Hospital Olomouc and
Medical Faculty of Palacký University for the study was ob-
tained (NV-18-08-00328). After extraction, the teeth were
washed with saline (0.9% NaCl, B. Braun Medical,
Melsungen, Germany), stored in a solution of inorganic salts
(1.5 mmol/L CaCl2, 1.0 mmol/L KH2PO4, 50.0 mmol/L
NaCl) and immediately transported for specimen preparation.

Sample treatment using EDTA

After radiological verification that only one root canal is pres-
ent, the teeth were decoronated and the roots were sectioned in
the middle of the longitudinal and horizontal dimension plane
with a segmented diamond-edged blade cooled by water.
Under this procedure, four specimens from one tooth with
the intact surface of the root canal have been obtained and
were randomly divided into four groups—negative control
group, positive control group, and two experimental groups
with different time exposures with 17% EDTA; five samples
from different specimen were present in each group. In the
negative control and experimental groups, the surface of the
root canal was smoothened with a diamond burr (FGSL
H.1.316.010, Komet USA, Rock Hill, USA) to obtain the
smear layer. In the positive control group (labeled as physio-
logical sample), the specimen was rinsed with saline (0.9%
NaCl, B. BraunMedical, Melsungen, Germany). In the exper-
imental groups, the surface of the root canal was rinsed with
17% EDTA (MD-Cleanser, Meta Biomed, Cheongju-Si,
South Korea) for 5 and 20 min and subsequently rinsed with
saline (0.9% NaCl, B. BraunMedical, Melsungen, Germany).

Tagging of antibodies

Antibodies, namely anti-TGF-ß1, anti-BMP-2, and anti-
bFGF, were labeled using a labeling kit containing reactive
fluorescent dye Cy3, Cy5, and Cy7 tags, coupling buffer
(1 M sodium carbonate buffer, pH 9.3) and PBS buffer.
Anti-TGF-B1 protein was labeled with a Cy3 tag, anti-
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BMP-2 with a Cy5 tag, and anti-bFGF with a Cy7 tag accord-
ing to the obtained standard protocol. Labeled proteins were
purified by using centrifugal filter units (Amicon Ultra
0.5 mL, MWCO 3 kDa) at 10,000 rpm for 10 min to separate
an excessive free compound.

Preparation of silver nanoparticles

Silver nanoparticles were prepared by a reduction of silver
ammonia complex cation [Ag(NH3)

2]+ with D-maltose ac-
cording to the protocol previously described by Panacek et
al. [25]. Briefly, silver nitrate and maltose were dissolved in
deionized water to achieve a concentration of 1 mmol and
10 mmol, respectively. The added concentration of ammonia
was 5 mmol. After the silver, sugar, and ammonia were added,
the reaction system’s pH was adjusted to 11.5 by adding so-
dium hydroxide to initiate the reduction process. The reaction
was complete after 4 min having yielded a suspension of silver
nanoparticles with an average particle size of 30 nm, measured
by a dynamic light scattering method.

Synthesis of Fe3O4@Ag nanocomposite

The magneti te nanopart icles stabi l ized by using
carboxymethyl chitosan (CMC) were prepared according to
the protocol described by Markova et al. [26]. Briefly,
carboxymethyl chitosan and FeSO4.7H2O form a complex in
aqueous solution. When NH4OH (28%) is added to the mix-
ture and the suspension is heated to 50 °C, magnetic nanopar-
ticles are formed. The sample was centrifuged and the super-
natant containing residual chemicals was removed and re-
placed with water. Finally, 10 μL of dispersion containing
previously prepared silver nanoparticles (BPreparation of sil-
ver nanoparticles^ section) was mixed with 200 μL of disper-
sion containing prepared magnetic nanoparticles. The silver
nanoparticles were immobilized on the present carboxymethyl
chitosan shell via a bond between present nitrogen atoms and
silver. The formed nanocomposite was stirred for 10–15 min
at room temperature.

Functionalization of nanomaterials

The prepared nanomaterial was functionalized using antibod-
ies, tagged with Raman labels. First, 75 μL of CMCmagnetic
nanocomposite was activated by using 15 μL EDC (1 mM)
for 60 min. Next, 15 μL of NHS (1 mM) and respective
Raman-tagged antibody (50 μM) were added and let react
overnight. The magnetic properties of the nanocomposite
allowed to quantitatively isolate the product from the reaction
medium by a simple application of external magnetic field
wash it three times with a distilled water. This step minimized
a presence of nonspecific adsorption of free Raman tags and
free antibodies on a surface of the nanosensor.

Sample pretreatment

Each sample was immersed in a 1 mL solution containing
100 μL of each functionalized nanomaterial, namely
Fe3O4@Ag@anti-TGF-ß1@Cy3, Fe3O4Ag@anti-BMP-
2@Cy5, and Fe3O4Ag@anti-bFGF@Cy7. The sample was
let to interact for 20 min. When finished, it was washed in
water three times to remove any unbonded nanomaterial.

Apparatus

Sample Raman spectra were acquired using a DXR Raman
spectrometer (Thermo Scientific, USA) equipped with a red
excitation laser operating at the wavelength of 633 nm. Stokes
Raman spectra were collected at wavenumbers of 400–
1800 cm−1 and a spectral resolution 1.0 cm−1. The spectrom-
eter operated under the following conditions: exposure time
32 s and laser power on sample 2 mW. In each case, an aver-
aged Raman spectrum was obtained from a total of 32 micro
scans. SERS spectra were measured using procedure de-
scribed earlier by Prucek et al. [27]. Briefly, 200 μL of the
prepared silver nanoparticles (described in the BPreparation of
silver nanoparticles^ section) wasmixed with 100μL of aque-
ous solution NaCl (c = 4 mol L−1) and 690 μL of water.
Consequently, 10 μL of analyte (c = 10 μmol L−1) was added
and sample was shaken. Resulting dispersion was measured in
a quartz cuvette 3 min after its preparation using instrumental
parameters described above. The acquired spectral data were
evaluated using instrument control software (Omnic, version
8, Thermo Scientific, USA). The ζ potentials of nanocompos-
ites and sizes of silver nanoparticles were measured using a
Ζetasizer NanoZS (Malvern, UK). A transmission electron
microscope (TEM) (JEM 2010, Jeol, Japan) was used to ob-
tain images and high-angle, annular dark field (HAADF) anal-
ysis of the final sensor. The TEM was operated at a voltage of
160 kVwith a point-to-point resolution of 1.9 Å. Fluorescence
microscopy was performed on an Olympus IX70 microscope
with fluorescent mode. Samples of dentine treated using re-
spective prepared nanosensors (BSample pretreatment^ sec-
tion) were deposited on a microscopy glass and measured.

Raman imaging

Raman imaging was performed using a DXR micro-Raman
spectrometer (Thermo Scientific, USA) with an excitation la-
ser operating at 633 nm, spectral resolution 3 cm−1, and spatial
resolution 1 μm. The exposure time was set to 2 s, the spectra
were averaged from 16 micro scans, and the laser power on
the sample was set to 3 mW. The microscope was equipped
with a × 50 objective, NA = 0.75, and estimated diameter of
the irradiated spot was 1.6 μm. Spectral maps contain 100 ×
100 Raman spectra, with a spacing 2 μm, giving a total num-
ber of 10.000 points.
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Data processing

During this processing, the spectral background was corrected
using an algorithm based on polynomial fitting with an order
of 3. The measured spectra were plotted regarding Raman-
scattered photon counts. Signal processing was performed
using the TQ-Analyst software package (Omnic version 8,
Thermo Scientific, USA) and QTI plot (version 0.9.9.1,
Romania), respectively. Raman intensities of Cy3, Cy5, and
Cy7 in the measured spectral maps were normalized to the
intensity of the phosphate band at 960 cm−1 to minimize in-
fluences of the sample topography.

Results and discussion

Characterization of the nanosensor

Firstly, the functionalized nanocomposite was characterized
by electron microscopy and EDX element mapping to evalu-
ate its morphology, size distribution, and composition. Figure
1 shows TEM and EDX images of the functionalized nano-
composite with the average size of the spherical silver nano-
particles 30 nm and spherical maghemite nanocrystallite
10 nm (measured by TEM). It is worth mentioning that the
magnetic nanoparticles are localized in clusters formed by the
combination of the sample treatment required for a TEM im-
aging and magnetic forces among nanoparticles. Analysis of
the bare Ag nanoparticles as well as Fe3O4@Ag nanocompos-
ites using DLS is shown in Fig. 1d, where the size of Ag
nanoparticles corresponds to previous findings based on
TEM. Size of the magnetic nanocomposite was determined
to 140 nm. The difference is caused by a formation of clusters
due to a combination of electrostatic and magnetic interac-
tions. The analysis of the ζ potential uncovered a considerable
change from − 42 mV for a Fe3O4@Ag nanocomposite to +
2 mV for the material functionalized using the tagged antibod-
ies. This considerable change is caused by anchoring the

positively charged Raman-tagged protein on a surface of the
negatively charged nanocomposite. The system is colloidally
stable despite a low deviation of the value form zero due to
electrostatic interactions between the anchored proteins.

To minimize possible interferences of the sample on
the signal of nanosensor, the raw surface was first mea-
sured by Raman spectroscopy; obtained spectral data are
shown in Fig. 2a. Signal contain characteristic bands for
ν1PO4

3− (spectral band at 960 cm−1) and ν4PO4
3− (spec-

tral band at 588 cm−1). It is shown that the spectrum does
not contain any spectral bands characteristic for proteins,
which indicates that their concertation is below the limit
of detection of Raman spectroscopy, and surface-
enhanced Raman scattering needs to be applied to visual-
ize their distribution. Next, SERS spectra of Cy3, Cy5,
and Cy7 were evaluated. Spectral data are shown in
Fig. 2b and are in a full agreement with previously pub-
lished results [28]. Next, antibodies, namely anti-TGF-β1,
anti-BMP-2, and anti-bFGF, were measured using SERS,
and resulting spectra are shown in Fig. 2c. Spectral data
contain dominantly bands characteristic for proteins, in-
cluding amide I and III, located at 1652 cm−1 and
1304 cm−1 However, the measured dentine contains a
large set of proteins, including targeted growth factors.
Moreover, measured spectra are frequently burdened with
fluorescence (as shown in Fig. 2c, SERS spectrum of anti-
bFGF). Selective detection of interaction between the an-
chored antibody and particular growth factor can be thus
difficult and not reliable. Antibodies were thus labeled
using Raman active spectral tags, namely Cy3, Cy5, and
Cy7 to increase the selectivity of the analysis. Finally,
functionalized antibodies together with respective anti-
bodies were characterized using SERS, and resulting data
are shown in Fig. 2d–f. SERS spectra contain bands char-
acteristic for both Raman labels and proteins, although
present with different intensities, caused by a spatial po-
sition of the adsorbed antibody on the surface of the silver
nanoparticle. Larger distance of the labels from the
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Fig. 1 a TEM image of the functionalized nanomaterial. b EDX element
mapping of the nanocomposite with silver in red color and iron in blue
color. c HAADF analysis of the nanocomposite, where silver is shown in

bright and iron in darker shades. d Distribution of sizes of silver
nanoparticles and nanosensor Fe3O4@Ag measured by DLS
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nanoparticle surface is indicated by a relatively lower intensity
of respective Raman bands, compared to the signal of pro-
teins. Spectral analysis uncovered a presence of spectral
bands, characteristic for each Raman tag, namely Raman band
at 1395 cm−1 for anti-TGF-β1-Cy3, 1597 cm−1 for anti-BMP-
2-Cy5, and 1621 cm−1 for anti-bFGF-Cy7, which were con-
sequently selected for univariate analysis. Successful binding
of antigens on the respective antibodies is indicated by a
change of spectral intensities of bands characteristic for amino
acids. Finally, SERS analysis of a sample containing the pre-
pared nanosensor composed of the Fe3O4@Ag nanocompos-
ite covalently functionalized by respective tagged antibodies
uncovered a presence of bands characteristic for Raman tags,
nanomaterial and anchored antibodies, as shown in Fig. 3a.
The spectrum contains all previously identified bands, includ-
ing bands characteristic for used Raman tags, which indicates
a successful immobilization of the tagged antibodies on a
surface of the nanocomposite. Spectrum of the prepared
nanosensor anchored on a surface of dentine is shown in
Fig. 3a (green spectrum). Spectral characteristics of the sensor
are not considerably changed during the interaction and sig-
nals of particular Raman tags are measurable.

Repeatability and signal stability

The stability of the nanomaterial and the repeatability of the
obtained results are considered as the essential factors for a
consecutive analysis of real samples. First, the signal stability
was analyzed. Six measurements of samples containing
Fe3O4@Ag@anti-TGF-ß1-Cy3 sensor were performed in
21 days. The sensor was kept in the refrigerator at 7 °C in
dark. The signal of the labels moderately decreased, as shown
in Fig. 3b, and it is still significantly above a limit of detection
(determined as S/N = 3) and thus fully utilizable. However, we
have applied the sensor no longer than 1 day after the prepa-
ration. Based on the sensor nature, similar behavior can be
hypothesized for BMP-2 and bFGF sensors. Further, signal
repeatability was evaluated on a set of five samples containing
Fe3O4@Ag@anti-TGF-ß1@Cy3. The measured data are
shown in Fig. 3c. Raman spectra were first normalized accord-
ing to the procedure described in the BExperimental section^
and the intensities of the spectral bands characterizing partic-
ulate Raman tags, as described previously, were analyzed and
subsequently relative standard deviations (RSDs) were calcu-
lated. RSD values for all the three tags did not exceed 5%.
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Fig. 2 a Raman spectrum of the root canal. b SERS spectra of Cy3, Cy5,
and Cy7 Raman tags. c SERS spectra of antibodies anti-TGF-β1, anti-
BMP-2, and anti-bFGF. SERS spectra of particular Raman-tagged

antibodies and antibodies with bonded antigens, namely anti-TGF-β1-
Cy3 (d), anti-BMP-2-Cy5 (e), and anti-bFGF-Cy7 (f)
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Sample imaging of growth factors

This study aimed to develop a method for an analysis of se-
lected growth factors on the dentinal surface. The next step
involved treating the tooth samples for 5 and 20 min using
EDTA in the role of a chelating agent, applied to remove the
existing smear layer. The newly developed methodology was
consequently utilized to study this process, mainly to evaluate
the influence of the treatment time on the availability of
growth factors on the sample surface. First, to test the method
potential, the surface of a human tooth root canal without any
pretreatment was measured. The sample was labeled using a
mixture of all the three sensors according to the procedure
described in the BExperimental section^. First, samples were
subjected to analysis using fluorescence microscopy to verify
the presence of nanosensors on the sample surface. Obtained
results are shown in Fig. 4, where presence of all the three
sensors on the surface of the physiological sample is
demonstrated.

Univariate analysis, utilizing characteristic spectral bands
of each functionalized antibody, was applied in the analysis;

particular spectral bands are described in the BCharacterization
of the nanosensor^ section. The results of the univariate analy-
sis performed for each Raman tag are shown in Fig. 5(a–l).
The Raman intensities in all the obtained maps (four samples
per group) were first normalized to allow a meaningful com-
parison between various measurements. The Raman maps ob-
tained by the univariate analysis of physiological sample show
the presence of each growth factor in varying abundances. The
growth factor TGF-ß1 can be considered the most abundant,
followed by bFGF and BMP-2. This agrees with previous
studies, where TGF-ß1 was found to be more frequent than
other growth factors [6, 10]. Second, a sample containing the
smear layer covering the surface and thus disabling its interac-
tion with sensors was selected as a negative control. The
corresponding maps are shown in Fig. 5(d–f). The availability
of all the three targeted growth factors on the root surface was
considerably lowered. The spectral analysis shows a decrease
of 70% for TGF-ß1, 50% for bFGF, and 82% for BMP-2. The
lower number of active places indicates the absence of nonspe-
cific interaction of the sensor with the sample surface and
supports the role of the smear layer as a blockage between the

Fig. 3 a (blue) Raman spectrum of the pristine Fe3O4@Ag
nanocomposite, (pink) Raman spectrum of the nanosensor with
anchored Raman-tagged antibodies, and (green) average spectrum of
the sensor measured on a surface of dentine. b Study of the signal

stability and stability of the prepared Fe3O4@Ag@anti-TGF-ß1-Cy3
sensor. c Repeatability of the analytical signal of Fe3O4@Ag@anti-
TGF-ß1-Cy3 sensor

Fig. 4 Microscopy images of the nanosensors on a surface of the physiological tooth sample. a TGF-ß1 sensor, b BMP-2 sensor, and c bFGF sensor
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growth factors present in dentin microchannels and the
surface.

Next, the influence of the irrigation protocol on the avail-
ability of growth factors on the surface was evaluated.
Namely, the duration of the treatment of the sample by
EDTA was studied, while different periods of time 5 and
20 min were selected. Initially, the sample treated by EDTA
for 5 min was measured. The results of the univariate analyses
performed on the normalized and background corrected
Raman data are shown in Fig. 5(g–i), where image (g) repre-
sents a distribution of TGF-ß1, (h) represents a distribution of
bFGF, and (i) stands for distribution of BMP-2. Similar im-
ages (Fig. 5, labels (j)–(l)) were obtained from the samples
treated for 20 min, albeit with intensities ranging at higher
values. The abundance of the TGF-ß1 present in the sample
treated for 20 min decreased by 10%, compared to the sample
treated for 5 min, but it increased by 80% compared to the
physiological sample, where a naturally according smear layer
is present. Even better situation was observed in bFGF and
BMP-2, where the treatment with EDTA for 20 min led to an
increase in the growth factor abundances by more than 300%
compared to the physiological sample.

Conclusions

Here, present methodology, providing a parallel analysis of
growth factors, i.e., TGF-ß1, bFGF, and BMP-2 on the dentin

surface, is based on the combination of surface-enhanced
Raman spectroscopy and the new nanosensors based on
Fe3O4@Ag nanocomposites functionalized by Raman-
tagged antibodies, namely anti-TGF-ß1@Cy3, anti-
bFGF@Cy7, and anti-BMP-2@Cy5. The methodology was
studied on a set of samples of human teeth in which the dis-
tribution of all the three growth factors on the dentin surface
was analyzed. Next, the influence of the time of treatment
using EDTA was evaluated to study the possibility for the
methodology to provide a semiquantitative analysis. It is
shown that a 5-min treatment led to a considerable increase
of the abundances of all the three studied proteins. It was also
found out that longer periods of time could lead to washing
some proteins out; therefore, the optimal time needs to be set
carefully. Growth factor TGF-ß1 started to wash out relatively
fast compared to bFGF and BMP-2, which is consistent with
previous studies published by Galler [6]. The release of
growth factors strongly depends on the applied solution. It is
known that citric acids lead to a preferential release of bFGF
and VEGF, compared to TGF-ß1, and TGF-ß1 is preferential-
ly released by EDTA [11].
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