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This paper presents the results of experimental and theoretical studies of quenching and enhancement
of fluorescence by colloidal solutions of nanoparticles and arrays of nanostructures on solid substrates —
nanochips.

The literature data and the results of authors’ own studies on the possibility of fluorescence signal
manipulation in the presence of gold and silver nanostructures were shown. Mathematical modeling and
comparative investigation of the samples with high-conductive metal nanostructures as active elements
for the regulation of fluorescence signal were also performed. Nanochips samples were fabricated by
thermal annealing of highly conductive gold and silver island films. Using developed novel laser-based
fluorometer FluorotestNano it was shown that fluorescence intensity of Rhodamine 6G dye can be
enhanced up to 23 times near gold nanostructures by spacing the dye from the nanoparticle at the distance
of 20 nm using SiO, coating. Using high-conductive metal nanostructures to adjust the fluorescence
signal opens promising new directions in biochemical studies, such as increasing the sensitivity of
fluorescence methods, development of new biosensors, fluorescence microscopy techniques and medical
diagnostics.
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Fluorescence techniques are widely used
in biomedical research due to their high
sensitivity, multiplex sensing possibility,
compatibility with living organisms and
high response speed [1-3]. It is possible to
study living cells and even whole organisms
by using fluorescence spectroscopy [2, 4, 5].
Fluorescence is a rapid and sensitive method
for studying the structure, kinetics and
functions of biological macromolecules such as
nucleic acids and proteins [6—9].

Recently, nanoscale fluorescent emitters
has attracted special attention for application
in biological studies [10, 11]. In a short time,
a number of applications has been found for
these objects in clinical diagnostics [12],
environmental monitoring [13], food quality
control [14], biological weapons detection [15]
and in various related fields. This diversity of
applications is provided by bionanointeractions
that allow delivery of nanoparticles to the

biologically important systems to obtain
information about them and even to change
their properties [16—18]. Significant progress
has been achieved in the application of high-
conductive plasmonic nanomaterials for
biochemical and diagnostic applications [19].
This review describes existing approaches for
the development of sensors and biodiagnostic
instruments based on surface-enhanced
fluorescence (SEF) [20, 21] as well as the
developed method and the device for its
application.

Fluorescence enhancement by using high-
conductive nanostructures

Studying the possibilities of using high-
conductive metal nanoparticles (MNP) has
attracted great interest. This is caused by
the prospects of the MNP applications in
biophysics and biochemistry, materials science
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and fluorescent spectroscopy based on the
surface enhancement methods [22]. Optical
properties of MNP are mostly determined
by the surface plasmons, which are inherent
collective electron oscillations in the metal.
Localized surface plasmon resonance (LSPR)
that occurs in metal nanostructures is widely
used in highly sensitive sensors and optical
devices [23, 24]. To obtain enhancement of the
fluorescence, silver and gold nanoparticles that
have unique optical, electronic and catalytic
properties are usually exploited. This is caused
by their attractive properties, which include
not only the simple fabrication, but also such
features as the intense plasmon resonance band
in the visible spectral region and significant
extinction at the LSPR wavelength [25].

Enhancement of fluorescence of the dyes
by using silver and gold nanostructures
significantly depends on the resonance energy
transfer from MNP generating the plasmon
field to the dye molecule, which is located near
MNP [26—28], shape and size of MNP [29],
distance between the dye molecule and the
MNP [23, 24, 26], as well as the characteristics
of dye molecule such as intrinsic quantum yield
and excited state lifetime [26, 27, 30].

In general, the fluorescence emission
enhancement — is caused by the resonance
energy transfer from plasmon-generating
nanostructures to the dye molecule and
subsequent change in the quantum yield of the
“plasmon nanostructure-dye molecule” system
and can be described by the2 equation [31]:

_|Ep] q
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where E, is the plasmon electric field strength
in the observation point that is generated by
the incident light E,; q is the quantum yield of
the dye molecule induced by the plasmon field

E,; ¢° is the intrinsic quantum yield of the dye
molecule.

Optimal distance to observe fluorescence
enhancement

Optimal distance between the fluorophore
and the metal surface is a very important
factor in the mechanism of surface-enhanced
fluorescence. This optimal distance depends
on the immanent properties of the molecule
relevant to energy exchange between the
molecule and the surface plasmon. There are
three cases for the location of dye molecule
near the surface of nanoparticles. First of them
is very close to the metal surface when the
quenching of fluorescence is observed; second
is an optimal distance resulting in the most
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significant enhancement of fluorescence; and
the third is much greater than the distance at
which the enhancement occurs [32].

The optimal distance can be determined
both theoretically and experimentally [30].
For example, the emission simulation for
a layer of fluorescent dye molecules with
the thickness of 5 nm placed on the 80 nm
spherical gold nanoparticle has shown that
the optimal distance between the fluorophores
and the metal surface to observe fluorescence
enhancement was about 20 nm; in other cases
there were weak enhancement or quenching
[30]. In [33], the experimental studies of the
dye fluorescence emission near the silver and
gold nanostructures were carried out. It was
found that the enhancement of fluorescence
was observed when the distance between dye
molecules and metal surface was 24—-25 nm
and the quenching was observed at 15 nm. If
we consider the model system “fluorescent
sphere-silver nanoparticle” [34], it turns out
that when the distance between them is equal
to 90 nm the emission quenching by 30% is
observed. When the distance is decreased to
some optimal value, 1.5-fold enhancement
occurs. And if the second silver particle with
the same properties is added to the system, 2.7-
fold enhancement of fluorescence emission of
the fluorescent sphere will be produced.

Methods for fluorescence enhancement
using spacer layers

Consideration of the influence of the
distance between the fluorophore and the
surface of the metal nanostructures has led
to the development of the methods enabling
the fluorescence enhancement observation.
The most effective technique for distance-
controlled surface enhancement is to use the
artificially created spacer layer between the
fluorescent molecule and the silver or gold
nanostructure, which prevents the emission
quenching effect [23, 28, 33]. The function of
spacers could be provided by organic (lipid or
protein) [28, 35] (Fig. 1) or inorganic (silicon
dioxide) separation layers.

For fluorescence enhancement studies
organic “sandwich” structures are often used
[28], which are dye-labeled protein molecules
located directly on the surface of the high-
conductive nanostructures. Here, protein
molecules themselves act as the separation
layers between the nanostructure and
fluorophore. Such structures allow obtaining
up to 18-times enhanced emission of dye
molecules. In some experiments, the distance
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Fig. 1. Fluorescence intensity of HSA-ICG-coated
glass:
without (curve G) and in the presence (curve S)
of silver nanoparticles on the glass substrate [28]

between the nanoparticle and the dye molecule
was adjusted by a double-stranded DNA
molecule [26] or its replicating form [36].
Another interesting option is to exploit spacer
layers fabricated from silicon dioxide. This
coating deposited on nanostructures provides
strength, chemical inertness and versatility
for binding to biomolecules or any hydrophobic
fluorophores, and also allows adjusting the
distance between the fluorophores and the
nanostructures [37]. For precise spacing of
fluorophore molecules from nanostructured
surface, the LbL (layer-by-layer) technology is
often used [38] to produce oppositely charged
polymer “sandwich” that enables fluorescence
signal enhancement.

Influence of the size, position and shape of
nanostructures on the enhancement effect

As mentioned above, the fluorescence
enhancement using high-conductive
nanostructures depends on their size and shape.
In [39], the comparative analysis of fluorescent
enhancement of the dye using colloidal gold
nanoparticles of different diameters with
protein-modified surface was carried out. It
was found that nanoparticles with a 40 nm
diameters allow obtaining 1.5-fold enhancement
of fluorescence signal and nanoparticles of 200
nm diameters provide 2-fold enhancement,
respectively. 40 nm cubic and spherical silver
nanoparticles were used as the plasmon-
generating nanostructures for fluorescence
enhancement [40]. The authors experimentally
found that the cubic silver nanoparticles provide
higher fluorescence enhancement in comparison
with the spherical silver nanoparticles of the
same size. Effect of the size and the shape of

nanoparticles on the enhancement value can
be considered through the spectral overlap of
the absorption spectra of nanostructure and
the emission spectra of the fluorophore [41],
because there is a direct relationship of the
wavelength position and the half-width of the
light extinction spectra with the geometrical
parameters of the nanoparticles.

Another important fact is that the
emission intensity of the dye placed near the
nanostructure exhibits nonlinear dependence
on their relative position [36, 37, 42]. In
[23, 42—-44], it was found that the largest
enhancement of fluorescence was observed in
the gap between closely spaced nanoparticles,
where the intensity of the electric field near
their surface is greater than at the surface
of individual nanostructures. The study [45]
showed that the enhancement of fluorescence
of the dye placed near a plasmon-generating
separate silver nanoparticle is about two times
smaller than in the case of placing the dye
molecule between two silver nanoparticles.

It should be noted that the fluorescence
emission enhancement of the dye molecule
located between two silver or gold
nanoparticles depends on the geometry of this
“sandwich” structure [47]. Namely, when the
fluorescent sphere (FS) is sandwiched in the
hot spot region right between the two gold
nanoparticles on the axis connecting their
centers, it leads to a strong fluorescence
enhancement; in the other case the FS is
not in the hot spot, and consequently, the
fluorescence enhancement is less pronounced
(Fig. 2).
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Fig. 2. Dependence of the fluorescence intensities
obtained with two different fluorescent sphere
(FS) positions:
solid red line — FS is sandwiched in the hot spot
right between the two gold nanoparticles; dashed

green line — the FS is not in the hot spot [47]
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Mechanisms of surface enhancement

The interaction between the metal surface
and fluorescent molecule provides such
effects as increasing the radiative or non-
radiative decay rates of fluorescent molecule
and, accordingly, increasing or decreasing
the quantum yield [30]. Enhancement of
fluorescence depends on the plasmon resonance
energy transfer from the nanostructured
metal surface to the dye molecules located
near the surface [26, 28, 46—48]. This transfer
is determined by two mechanisms: first of
them is the plasmon field generated around
the nanoparticle by the incident light that,
depending on wavelength, can enhance the
excitation of the fluorophore, which, in turn,
determines the level of fluorescence emission.
The second one is the nanoparticle-fluorophore
interaction that reduces the ratio of radiative
to non-radiative decay rate and, depending on
the presence of the dielectric layer, influences
the quantum yield of the fluorophore,
resulting in fluorescence quenching [31].
It should be noted that the enhancement of
fluorescent emission depends not only on the
properties of metal nanoparticle, but also on
the properties of the fluorescent molecule.
These properties are the quantum yield and the
excitation relaxation time, which depend on the
probability of quantum transitions involved
in the radiative processes. Accordingly, the
probability of quantum transitions under the
certain conditions increases when fluorescent
molecule is located near the metal surface.
Quantum yield, which is defined as the ratio
of the number of emitted to absorbed photons
of the molecule, determines the efficiency
of the emission, which, in turn, depends on
the distance between the fluorophore and the
surface of nanostructures [30, 44]. In [30], it
was theoretically and experimentally shown
that the quantum yield of a molecule decreases
when the distance between the fluorophore
and the surface of metal nanostructure is too
small, even in the case of the sample excitation
increase, and results in fluorescence quenching.

Studies of fluorescence of the dye solutions
containing the high-conductive nanoparticles
established that the quantum yield also
depends on the pH. In [49], scientists found
that the high pH of the dye solution has no
effect on the enhancement; but when pH
reduces — the fluorescence enhancement
occurs, which is caused by increasing overlap of
emission spectrum of the dye with the plasmon
resonance band of the metal nanoparticles.

The presence of the nanostructured metal
surface near the dye molecule affects not
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only the quantum yield and fluorescence
enhancement, but also the radiative lifetime of
the excited molecule [30, 49]. For example, 13-
fold emission enhancement of the fluorophore
is accompanied by decrease of the fluorescence
lifetime by a factor of 22 [50].

An orientation of the dipole moment of the
dye molecules and the polarization of excitation
light has a considerable effect on the fluorescence
enhancement [30, 44]. In the study [47] the
fluorescence intensity of the sandwich structure
“Au nanoparticle-FS-Au nanoparticle” is enhanced
when the laser light is polarized parallel to the
axis of the sandwich, whereas the fluorescence is
decreased when the laser is polarized perpendicular
to it (Fig. 3). The gray horizontal line shows the
fluorescence level of the fluorescent sphere before
the Au nanoparticles have been approached (using
unpolarized excitation).

Theoretical calculations showed [30] that
the maximum enhancement was observed in the
case of perpendicular orientation of the dipole
moment of the molecules to the nanostructured
surface and when the distance between the
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Fig. 3. The fluorescence enhancement dependence
on the polarization angle [47]
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Fig. 4. Single molecule fluorescence rate

dependence on the particle-surface distance
for an 80 nm silver nanoparticle [48]
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Fig. 5. Simulated profiles of electric field intensity distributions for Ag (a) and Au (c) semi-ellipsoids
on glass substrate; extinction spectra of unordered silver (b) and gold (d) nanostructure arrays

molecule and the metal surface was optimal. Fig.
4 shows a single molecule fluorescence rate as a
function of the particle-sample distance for an
80 nm silver particle in the case of perpendicular
orientation of the dipole moment of the molecule
[48]. At a short distance, the fluorescence
enhancement drops due to the increased non-
radiative decay rate (energy transfer from the
excited molecule to the particle).

Experimentally, it is difficult to identify
molecules with such orientation of the dipole
moment, but the results of performed studies
indicate that even at the angle of the dipole
moment to the normal of the plane in which the
nanostructures are placed equal to 15 degrees,
19-times enhancement of fluorescence can be
observed [51, 52].

Modeling and comparative analysis of gold
and silver nanostructures as the fluorescent
signal amplifiers

Random silver and gold nanostructure
arrays (NA) were obtained by thermal annealing
of silver (mass thickness 8 nm, 250 °C, 1 hour)

and gold (mass thickness 10 nm, 450 °C, 2 hours)
island films [53]. Light extinction spectra of
random silver and gold NA were measured
using the LSPR biosensor [54]. Silver and gold
NA exhibited the excitation of localized surface
plasmon at 480 nm (Fig. 5, b) and at 555 nm
(Fig. 5, d), respectively.

The average sizes of nanostructures
forming the NA were calculated by matching
the wavelength peaks positions in the spectra
obtained experimentally and theoretically.
Thus, for silver nanostructures the equivalent
base diameter was found to be equal to
20 nm and height to 10 nm, and for gold
nanostructures the equivalent base diameter
is 10 nm and height is 20 nm.

For determined sizes of the gold and silver
nanostructures, the profiles of electric field
intensity enhancement around the nanoparticles
were calculated (Fig. 5, a, ¢). These enhancement
values correlate with the increase of the
fluorescence excitation rate [27]. The calculation
was performed at the 532 nm, which is an
inherent excitation wavelength for the organic
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dye Rhodamine 6G (R6G). The maximum electric
field intensity enhancement value calculated on
the 30x30 nm? area outside the nanostructure
in the plane in which the propagation vector
and polarization vector of incident light wave
lie was about 100 times for silver nanostructure
and about 30 times for gold nanostructure. The
broadening in the extinction spectra of silver NA,
observed in the experiment, compared with the
simulation results (Fig. 5, b), can be explained by
the growing mismatch between the model semi-
ellipsoid and experimental nanostructure shapes
and variety of sizes of nanostructures in the NA.
Thus, silver nanostructures produced by thermal
annealing of island films are potentially more
promising in creating the nanochip. However,
the gold nanostructures are mostly used in most
scientific researches at the present time due to
their higher chemical stability.

Experimental studies of fluorescence
enhancement of Rhodamine 6G by using gold
nanostructure arrays (GNA)

In this work, using the developed method
of surface-enhanced fluorometry, based on
the phenomenon of localized surface plasmon
resonance in unordered GNA, the fluorescence
measurements of R6G were carried out on
the developed and patented novel laser-based
fluorometer FluoroTestNe"°-2S (Fig. 6). The
dye was placed on the plasmon-generating
GNA with various thicknesses of the dielectric
Si0, coating. SiO, layer deposited on the
GNA provides strength, chemical inertness,
versatility required to compound the
biomolecule or any hydrophobic fluorophore,
and also allows adjusting the distance between
the fluorophore and the nanoparticle.

The samples of GNA with the thicknesses of
dielectric spacer equal to 10, 15, 20 and 25 nm

Fig. 6. Portable laser-based fluorometer
FluoroTestNano-2S
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coated with a polymer composite, consisting
of an aqueous solution of R6G and polyacrylic
acid (PAA), were studied. R6G concentration
in the polymer composite was equal to
10° mol/1. Fluorescence measurements of
R6G on GNA were carried out with the 532-nm
green laser used as an excitation light source.
For all samples the enhancement of R6G
fluorescence near the GNA was observed
compared with the signal on the sample without
GNA (Fig. 7). The intensity of fluorescent
signal dependence on the SiO, coating was
non-linear with an expressed peak. Maximum
enhancement of R6G fluorescence was
obtained for the sample with 20 nm thickness
of SiO,. Fig. 8 shows the enhancement factor
dependence on the thickness of dielectric SiO,
coating. Enhancement factor is defined as a
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Fig. 7. Fluorescence spectra of R6G dye
for various thicknesses of the dielectric SiO,
coating placed on the gold nanostructure arrays
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Fig. 8. Enhancement factor of R6G fluorescence
for different thicknesses of SiO, coating



Reviews

ratio of R6G fluorescence intensities for GNA
with SiO, shell and bare glass substrate at the
maximum emission wavelength.

The experimental results of RG6G
fluorescence enhancement (about 23 times)
obtained by using nanochips are in agreement
with calculated value of the electric field
enhancement on the gold nanostructures.
The disagreement between the calculated and
experimental enhancement values is due to the
influence of the dielectric substrate and the
spread of the size and shape of nanoparticles
on the real nanochip.

Plasmon-generating nanochips for plasmon-
enhanced fluorescence based on the gold
nanostructures arrays with dielectric SiO,
coating of different thickness were developed
and fabricated. Experimental studies of R6G
fluorescence by using nanochips were carried
out on the developed laser-based fluorometer
FluoroTestN®"°-2S. The device enables
registration of plasmon-enhanced fluorescence
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BHUCOKROIIPOBIIHI HAHOCTPYKTYPHU
¥ BIOXIMIYHUX TOCJIKEHHAX:
HITCHUJEHHA ®JIYOPECIIEHIIII
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1IHCTI/ITYT ¢isvKu HaniBOPOBiZHUKIB
im. B. €. JIamkaprosa HAH Vkpaiuu, Kuis
2IHCTI/ITyT oioximii im. O. B. ITannaxina
HAH Vxpainu, Kuis

E-mail: Nazarenko@biochem.kiev.ua

OmnucaHo TEOpPeTHUHI Ta eKCcIepUuMeHTaJbH
IOCJIII;KEeHHA 3aTyXaHH4d 1 ImigcuaeHHa (Jryopec-
IeHIli]l BUCOKOIPOBIAHUMY HAHOYACTUHKAMU Ta
MacuBaMU HAHOCTPYKTYP Ha TBEPAOTiJIbHUX HO-
cigx — HaHOUMIIAX.

HaBeneno gami jiTepaTypu Ta BJIacHUX I0-
CJIiI?KeHb aBTOPIiB I[OJ0 MOKJIMBOCTI 3MiHU CHUT-
Hay (payopecieHIlii HAaHOCTPYKTypaMu 30J0Ta i
cpibaa. IIpoBemeHo MomeTIOBaHHSA I TOPiBHAIbHE
IOCJiIKeHHs 3pa3KiB 3 HAHOCTPYKTYypPaMU BHUCO-
KOIIPOBIAHUX MeTaJiB K aKTUBHUX €JIeMEeHTiB
IJIs PeryJIloBaHHSA cuUrHauay uyopeciienirii. Me-
TOIOM TePMiUHOTO BifilaJly BUCOKOIIPOBITHUX OC-
TPiBIIEBUX IJIIBOK 30JI0Ta i cpibjia BUTOTOBJIEHO
eKCIIepUMeHTaJIbHiI 3pa3Ku HaHOuuliB. 13 BuKo-
pUCTaHHAM PO3POOJIEHOTO aBTOPaAMU Ja3epPHOTO
dayopumerpa Fluorotest™*™° mokasamo, mo in-
TeHCUBHICTh (DJIyopecIieHIlii 6apBHMKA PogaMiHy
6K moske OyTu migcuiaeHo He MeHII AK y 20—25
pasiB mo6JaM3y HAHOCTPYKTYP 30JI0Ta IMIJIAXOM
Bigmanmenusa 6apBHUKA Ha Bigcramb 20 HM 3a mo-
nomorolo mapy SiO,. 3acTocyBaHHA HAHOCTPYK-
TYP BUCOKOIIPOBiIHIX MeTAaJIiB IJId PeryJTI0BaHHS
CUTHAJy (PIyopeclieHIil OapBHUKIB BigKpuBae
MepCHeKTUBHI HAIPSAMU OOCJiAKeHb, 30KpeMa
TiABUINEHHS YYTINBOCTI (hJIyOPECIIeHTHNUX MEeTO-
IiB, yopeciieHTHOI MiKpOCKOIIil Ta MeguUYHOL
IiarHOCTHUKM, a TAKOXK PO3PO0JIeHHS HOBUX 0io-
CeHCOpiB.

Knrouwosi cnoea: ocTpiBleBi IJIiBKM, HaHOYA-
CTUHKH! 30JI0Ta i cpibiia, moBepxXHeBO-IigcuIeHA
(ryopecieHIlid, moJiMepHa MaTPUILI.
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BBICOKOITPOBOSIIHAE
HAHOCTPYKTYPbI B BUOXUMHYECKHX
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YCHJEHUE ®JYOPECHEHIINH
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Omnucaun! JKCIIEpHMMEHTaJIbHbIE 1 TeOpeTHn4de-
CKUe HCCJIeJOBAaHUA 3aTyXaHUA U YCUJIeHUA (PIIyO-
pecneHn M BBICOKOIIPOBOAMMBIMY HaHOYACTUIA-
MM 1 MacCuBaMM HAaHOCTPYKTYD Ha TBepAOTEJIb-
HBIX HOCUTEJNAX (HAHOUYUIIAX).

IIpuBemeHbI JaHHBIC JUTEPATYPEI I COOCTBEH-
HBIX I/ICCJIe,I_IOBaHI/Iﬁ aBTOPOB OTHOCHUTEJIbBHO BO3-
MOYKHOCTU U3MEHEHHUs CUurHasga )JryopeciieHIumn
HAHOCTPYKTypaMu 30J0Ta u cepebpa. Ocymrect-
BJIEHO MOJe/JIMPOBAHNE U CPABHUTEILHOE KCCJIe-
IoBaHUe 00Pas3IOB C HAHOCTPYKTYPaMU BBICOKO-
IIPOBOMASAIINX METAJLJIOB KAK AKTUBHBIX 9JIEMEHTOB
A peryjJupoBaHUSA CUTHaJJAa (PIyoOpeclleHI[UN.
MeTo0M TEPMUYECKOTO OTIKUIr'A BBICOKOIIPOBO-
IAIAX OCTPOBKOBBIX IIJIEHOK 30JI0Ta W cepebpa
HN3TOTOBJIEHBI OKCIIEPDUMEHTaJIbHbIE o6pa3u1>1 Ha-
Hounnos. C ucmojab3oBaHreM paspaboTaHHOIO aB-
Topamu sasepHoro guyopumerpa FluorotestNa™®
IOKa3aHO, YTO MHTEHCUBHOCTDL (PJIYyOPECHEeHIIUN
kpacurenda P6IK moxxeT ObITH ycuieHa He MeHee
yem B 20—25 pa3 BOIM3U HAHOCTPYKTYP 30J0Ta
IIyTeM yAaJIeHus Kpacureiisa Ha paccrosaue 20 HM
C IOMOIIBIO JUBJIEKTPUYIECKOro MOKphITHA Si0O,.
IIpuMeHeHVe HAHOCTPYKTYP BBICOKOIIPOBOISIIITUX
MeTaJlJIOB OJdA peryJupoBaHuA curHaaa QJyo-
peclieHIIMU OTKPbhIBAET IIePCIIeKTUBHbIE HAIIPaB-
JeHudA I/ICCJIe,I'.'[OBaHI/If/’I, B HaCTHOCTHU yBe€JIMUYEHUE
YYBCTBUTEJIbBHOCTHU (1)JIyOpeCI_IeHTHLIX MEeTOo4OB,
(hryopecreHTHON MUKPOCKOTINY U MEJUITTHCKOMN
IUATrHOCTUKH, a TaK’Ke paspaboTKa HOBBLIX OHO-
CEeHCOPOB.

Kniouesvle cnoea: 0CTPOBKOBLIE ILJIEHKN, HAHO-
YaCTUIILI 30JI0Ta U cepedpa, IMOBEPXHOCTHO-YCHU-
JIeHHas1 (PJIyOpPeCIeHIInsA, IOJNMePHA MaTPHUILA.



