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Abstract

Metal-enhanced fluorescence (MEF) has found widespread application in biomedical sensing and in
vivo tissue imaging systems. To enhance MEF efficiency, it is necessary to optimize the interaction
between metal nanoparticle plasmon and the fluorophore molecule. The size and shape of the
nanoparticle, the nanoscale gap between the fluorescent molecule and the nanoparticle, and the
excitation wavelength are critical parameters. In this study, we propose a model for a more complete
and accurate description of the processes of molecular excitation and generation of the fluorescence
spectral response, introducing new concept of effective properties for field enhancement factor,
quantum yield, and fluorescence enhancement factor. The influence of the spectral properties of both
the nanostructure plasmon and the fluorophore molecule on the optimal tuning of fluorescent
complexes is studied. Particular attention is paid to the analysis of the spectral properties of plasmon
resonance and calculations of the near-field intensity enhancement of the plasmonic nanostructure’s
excitation field. Numerical results for optimizing the MEF of fluorescent complexes based on TagRFP
and gold (silver) nanorods composites are presented. The advantages of the proposed model for the
optimal design of new nanomaterials with unique fluorescent properties are discussed.

Keywords: metal-enhanced fluorescence; fluorescence nanocomplexes; spectral properties of
fluorophore molecule; fluorescence spectral response

1. Introduction

The phenomenon of metal-enhanced fluorescence has become widespread in biomedical sensing
systems [1,2], in vivo imaging of biological tissues [3,4], and detection of highly toxic pollutants
resulting from natural and anthropogenic activities [5,6]. Improving MEF efficiency requires
precisely tuning the plasmon resonance of a nanoparticle to ensure optimal conditions for the
interaction of its plasmon with the fluorophore molecule. The controlling parameters are the size and
shape of the nanoparticle [7], the size of the nanoscale gap between the molecule and the nanoparticle,
and the irradiation wavelength [8-11].

The spatial resolution achieved by near-field optical technology, thanks to the MEF effect [12,13],
enables the detection of individual molecules [9-11,14]. Single-molecule fluorescence spectroscopy is
also actively developing for studying biological systems at the molecular level. These optical methods
have enabled the study of protein and deoxyribonucleic acid (DNA) dynamics and facilitated the
development of methods for sequencing individual DNA molecules [15-17].

MEF-based technologies have also found application in biomedical diagnostics, bioimaging, and
therapy [18,19]. Enhancement of the fluorescence intensity of individual fluorescent protein
molecules near the surface of noble metals (silver or gold) was discovered over 40 years ago [20].
Electrodynamic approaches based on the model of an emitting and absorbing point dipole as a
fluorophore molecule qualitatively confirmed this phenomenon [21]. Probe atomic force microscopy
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technology, containing a single gold plasmonic spherical nanoparticle at the probe tip, made it
possible to study the dependence of the fluorescent molecule enhancement on the distance between
the nanoantenna tip and an individual fluorophore molecule, as well as to experimentally confirm
the effects of fluorescence quenching and establish the corresponding dependences on the gap
between the fluorophore molecule and the nanoparticle [22].

Irradiation of the complex with an external plane optical wave at a wavelength Ae,
corresponding to the electronic excitation energy of the fluorophore molecule, is accompanied by the
formation of near-field localization zones in the vicinity of a plasmon-resonant nanoparticle made of
various metals (e.g., silver, gold). A characteristic feature of fluorescence is that even with
monochromatic irradiation of the fluorophore, a fluorescence response (fluorescence signal) is
observed with a relatively broad spectrum with a maximum at a wavelength Aem, shifted relative to
Aex by the Stokes shift [23]. The MEF effect of increasing the radiative velocity of emission and,
accordingly, decreasing the lifetime of the fluorophore in the excited state is due to the so-called
Purcell effect - an increase in the local density of photon states in the nanoresonator created by the
plasmonic nanoparticle and the fluorophore molecule [23,24].

Furthermore, a competing tunneling effect occurs, causing a sharp quenching of fluorescence
intensity. This occurs when the minimum distance between the nanoparticle surface and the
fluorophore molecule becomes less than a few nanometers, as confirmed by probe measurements
using an atomic force microscope [25]. This process of fluorescence quenching via the Forster
mechanism at typical distances of less than 5 nm suppresses the fluorescence enhancement effect via
the Purcell mechanism [26].

It should be noted that typical probe measurements of the fluorescence of individual fluorophore
molecules containing a sufficiently large number of atoms are conducted under laboratory
conditions, i.e.,, not under high vacuum or at liquid helium temperatures. Therefore, the fine
vibrational-rotational energy structure is not experimentally observed in either the fluorophore
absorption spectrum or the fluorescence spectrum of the individual emitting molecules. For
numerical calculations that take into account the spectral dependences of fluorophores, it is possible
to use the international experimental database for fluorescent dyes, which represent continuous
spectral dependences for both the electron absorption spectrum of the fluorophore and the
fluorescence spectrum [27].

The proposed strategy for optimizing the fluorescence enhancement coefficient for an individual
fluorophore molecule, taking into account the actual fluorescence spectra of the molecules, should be
determined by the spectral overlap of the controlled surface plasmon resonance of the nanoparticle
(the position of the spectral maximum of the plasmon resonance (PR) and its spectral width) with the
absorption spectrum of the fluorophore and its fluorescence spectrum.

Experimental studies have shown that the choice of the spectral maximum of the plasmon
resonance between the spectral maxima of absorption and fluorescence becomes unclear at a fixed
distance between the molecule and the nanoparticle, compared to tuning to the fluorophore
absorption maximum or the fluorescence maximum [28]. This makes the task of spectral optimization
of fluorescence enhancement nontrivial for finding a definitive solution. One of the main reasons is
that the MEF mechanism is determined by two processes: the enhancement of the local optical field
formed by the nanoparticle in the near zone and affecting the local absorption of the fluorophore
molecule and the increase in the rate of spontaneous emission of the fluorescent molecule in the
nanoresonator (the Purcell effect). The latter process was experimentally confirmed in a study of the
dynamic response of fluorophore molecules with nanosecond resolution and was manifested in a
decrease of more than an order of magnitude in the emission time of fluorophore molecules with a
nanoparticle with a fixed DNA-based linker [29]. At typical distances between the surface of the
plasmonic nanoparticle and the fluorescent molecule of less than 5 nm, the competing process of
fluorescence quenching by the Forster mechanism is intensively activated [10].

Numerical modeling of the radiative and nonradiative relaxation rates of a fluorophore molecule
demonstrates a critical dependence on the spatial nanoscale gap between the plasmonic nanoparticle
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and the molecule [9]. Therefore, these factors introduce significant adjustments to the conditions for
achieving maximum fluorescence enhancement. Numerical electrodynamic and quantum models of
fluorescence enhancement using plasmon-resonant nanoparticles have evolved from the assumption
that the fluorophore absorption wavelength coincides with the emission wavelength [9] to a more
realistic monochromatic model, where the fluorophore molecule transitions to an excited electronic
state at a wavelength Aex, corresponding to the maximum absorption of the fluorophore molecule,
and emission occurs at a wavelength Aem, differing by the Stokes shift and corresponding to the
maximum fluorescence value [29].

In this case, the controlling parameters are the position of the plasmon resonance maximum and
the spectral shape of the resonance curve relative to these wavelengths Aex and Aem. In developing this
electrodynamic approach, we believe it is necessary to consider not only the maximum values of the
fluorophore absorption and emission wavelengths, but also the actual spectral dependence of the
absorption and fluorescence of the dye. Failure to consider the spectral dependence of the
fluorophore when controlling the plasmon resonance spectrum of nanoparticles can lead to
corresponding optimal settings for obtaining maximum MEF values in the spectral region where the
fluorophore does not emit or emits with minimal intensity [30].

In a recent study [31], the spectral dependence of the surface plasmon resonance of nanoparticles
of various shapes (spheres, rods, disks, and crescent-shaped disks), representing various types of
nanoantennas, was numerically studied over a wide spectral range of wavelengths from the red (650
nm) to the near-IR region in order to find the maximum MEF value. When searching for the maximum
MEF for different orientations of the fluorescent molecule’s dipole moment, it was assumed that
emission occurs at a single wavelength in the visible or near-IR region of the spectrum, which leads
to unrealistic settings and MEF values.

In the proposed spectral approach, the controlling parameter is not only the spectral position of
the plasmon resonance maximum and its spectral shape, but also the spectral susceptibility of the
fluorophore.

Thus, the MEF should be determined by the spectral absorption and emission efficiencies of a
specific fluorophore molecule in the presence of a plasmonic resonance nanoparticle, and not solely
by the local field enhancement factor at the maximum fluorophore absorption wavelength and the
fluorescence enhancement at the wavelength corresponding to the molecule’s emission maximum,
when tuning the nanoparticle’s plasmonic resonance maximum to one or another monochromatic
extremum or between them. To optimize fluorescence enhancement, it is proposed to control the
spectral properties of the plasmonic nanoparticle by varying the aspect ratio to overlap the absorption
and fluorescence spectra of the dye molecule to achieve the maximum fluorescence enhancement
factor. This spectral approach should address three main fluorescence enhancement processes: local
field enhancement due to absorption by the fluorophore molecule and two competing processes
caused by fluorescence enhancement due to an increase in the local optical field density, a decrease
in the controlled gap between the nanoparticle and the fluorescent molecule, and the sharp quenching
of the fluorescent molecule’s emission by the plasmonic nanoparticle (via the Forster mechanism) at
distances of a few nanometers.

In this paper, we develop a traditional approach whereby the MEF optimization considers the
properties of the fluorophore molecule at only two discrete wavelengths —the excitation maximum
Aex and the emission maximum Aem of the molecule. The proposed model provides a more realistic
description of the processes of molecule irradiation and the generation of the fluorescence spectral
response by introducing a new concept of effective properties of such parameters as field intensity
enhancement factor &er, quantum yield Yett, and fluorescence enhancement factor Kauert. The influence
of the spectral properties of both the nanostructure plasmon and the fluorophore molecule on the
optimal tuning of fluorescent complexes is investigated. Particular attention is paid to determining
the spectral parameters of plasmon resonance —the absorption cross sections Cabs, scattering cross
sections Csa, and extinction cross sections Cext—which can be found experimentally, as well as to
calculating the intensity enhancement & of the excitation field in the near field of the plasmonic
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nanostructure relative to the extinction spectrum, which is “redshifted” compared to the other
mentioned parameters. Numerical results of MEF optimization of fluorescent complexes are
presented using TagRFP molecules in the vicinity of gold and silver nanorods as examples. It is
demonstrated that recommendations for selecting nanorod dimensional parameters for tuning
plasmon resonance, obtained based on the traditional and proposed model, can differ significantly.

2. Main Parameters of Localized Plasmon Resonance of Nanoparticles

The physical phenomenon of localized surface plasmon resonance (LSPR) occurs as a result of
the interaction of photons of external optical radiation with the surface of metal nanoparticles,
leading to the emergence of synchronized collective oscillations of valence electrons in the conduction
band of metals. The most significant property of LSPR, which has found wide application in
biomedicine, biochemistry, and numerous technical applications, is the sharp increase in the
absorption of radiation by the nanoparticle in a certain wavelength range (known as resonant
absorption). To describe this property of nanoparticles, an integral parameter, the absorption cross
section Cabs, is often used [32].

Another parameter characterizing LSPR in the context of the efficiency of interaction of the
irradiating radiation with the nanoparticle is the scattering cross section Csc. In plasmon resonance,
the scattering cross section Csc, like Cabs, increases sharply in a certain wavelength range [32].

The third important parameter of LSPR is the magnitude of the electric field intensity
enhancement coefficient &=1E12/|Eol2 in the vicinity of the nanoparticle (in the near-field zone), which
plays a key role in the initialization and existence of many physical and physicochemical processes,
including the phenomenon of fluorescence.

A common feature of the spectral dependences of each of these parameters is the existence of a
local maximum associated with the LSPR phenomenon. However, depending on the properties of
the nanoparticle material, as well as their shape and size, the position of each of these maxima on the
wavelength axis can vary significantly. The physical mechanism for the observed “redshift” of the
field enhancement maximum & and its possible magnitude, as applied to nanospheres, have been
discussed in detail previously in [33-35].

To be able to compare theoretical and experimental data and establish their one-to-one
correspondence, the extinction cross section Cex is also of practical interest; the measurement
technique for this is widely known and well-developed [33].

If the tuning capabilities of the plasmon resonance of nanospheres are limited to a relatively
small range of the visible part of the optical spectrum of radiation, regardless of the measurement
range of the nanosphere diameter, varying the dimensional parameters of the nanorods makes it
possible to significantly expand the tuning range of the plasmon resonance from UV to IR [36]. Such
dimensional control parameters of the studied nanorods are the cross-sectional diameter of the
cylindrical middle part d and the form factor — aspect ratio (AR), equal to the ratio of the nanorod
length L, including the hemispherical rounding of the end parts to d. When choosing nanorods as the
basic objects of study, the potential for tuning the position and absolute values of the plasmon
resonance parameters by varying the AR are demonstrated for gold nanorods with 4=50 nm in Figure
1. In the case of silver nanorods, the magnitude of the noted “red” shift is noticeably lower.

The obtained results allow us to establish fundamentally important relationships between the
positions of the spectral curve maximums for each of the four plasmon resonance parameters relative
to one another when varying the dimensional parameters of the nanorods. This information plays a
key role in the precision LSPR tuning procedure required for the actual MEF optimization procedure,
since only one of the four main LSPR parameters is available for experimental verification. Without
loss of generality, here and below, fluorescence issues are considered using the example of optimizing
«plasmonic nanorod-TagRFP molecule» complexes [34].

The dependences of the LSPR parameter maxima on the gold nanorod size factors shown in
Figure 1 indicate a nearly linear change in the wavelength maxima position with increasing nanorod
length. Note that the maximum position of the electric field intensity enhancement parameter is

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202603.0007.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 2 March 2026 d0i:10.20944/preprints202603.0007.v1

5 of 18

redshifted relative to any other LSPR parameter. These patterns of one-to-one correspondence
between the nanorod size factors and the maxima of various parameters enable precise tuning of
plasmonic nanorod-TagRFP molecule complexes.

695 | ‘
—— Cabs /II
670 — —0— Cg, / b
—— Cq /
645 — _o 4

g 4
2620 //‘:///
3595 // /
570 P /
545 V

520

1.5 175 2 225 25 275 3

Figure 1. Dependence of the position of the maxima of Cabs, Csca, Cext and & gold nanorods (4=50 nm) on the AR,
the dotted line indicates the wavelength of maximum photosensitivity of the TagRFP fluorophore A=555 nm.

3. Traditional Monochromatic Model of MEF

In general, the optimization procedure for fluorescent «plasmonic nanorod-TagRFP molecule»
complexes boils down to a comparative analysis of the interaction scenarios between the complex
components while varying the nanoscale gap A between them. However, in our opinion, the
traditional approach to modeling each of these scenarios is not without its drawbacks.

A characteristic feature of fluorescence is that even under monochromatic fluorophore
irradiation, a fluorescence response (fluorescence signal) is observed over a relatively broad
wavelength spectrum. When modeling MEFs to optimize the gain regime, a large number of
parameters must be considered: the intensities and wavelengths of the excitation and emission
signals, the shape, size, and material of the plasmonic nanoparticle, as well as the gap between it and
the adjacent fluorescent molecule. Therefore, in general, optimization of the amplified characteristics
(such as local field enhancement, quantum yield, and fluorescence signal gain) by specifically
searching for the maxima of the corresponding distributions is difficult. For this reason, in most
studies, the authors limited themselves to searching for the maxima of these distributions while
considering only two fixed wavelengths of the excitation and emission signals. Our approach aims
to eliminate this limitation.

It should be noted that at this stage of the study, the properties of the fluorophore molecules
themselves are a mandatory element. As a rule, they have a complex structure [37,38]. In the
fluorescence mode, the analysis of two spectra is relevant - the excitation spectrum Iex(A) and the
emission spectrum Iem(A), the maxima of which have a Stokes shift relative to each other. Iex(A) and
Iem(A) are normalized to their maximum values. A typical form of the spectra is shown in Figure 2 for
the TagRFP fluorophore [39]. The wavelengths of the maxima of these two spectral curves are
indicated by dotted vertical lines; these values are used as the main parameters in the generally
accepted traditional model (TM) of fluorescence optimization. This approach can be conventionally
designated as “monochromatic excitation, monochrome fluorescence at fixed wavelengths.” The
properties of the fluorophore are also characterized by the value of the intrinsic quantum yield Yo,
which rarely appears in traditional MEF modeling.
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A certain basis for the widespread use of TM approach can apparently be considered the fact
that the greatest fluorescence emission power is concentrated in a fairly narrow wavelength range —
in the vicinity of the maximum of the lex(A) function of the fluorophore. Indeed, for the fluorophore
under consideration, TagRFP, as follows from an analysis of the Iem(A) curve in Figure 2, 35% of the
power is concentrated in a wavelength range of 26 nm, where Ilem (A)>0.9. However, the remaining
65% of the fluorescence emission power is distributed in a wavelength range distant from A=584 nm.
And this significant portion of the emission cannot be taken into account within the TM framework.

09 r

08 r

0.7 r
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©
3
T

400 500 600 700
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Figure 2. Excitation (lex) and emission (lem) spectra of the TagRFP fluorophore. From here on, the vertical dotted

lines labeled 555 nm and 584 nm indicate the wavelengths of the lex and Iem peaks, respectively.

The numerical studies conducted in this paper demonstrate that the accepted “postulation” of
achieving the highest possible values of both the electric field intensity enhancement and the
quantum yield is not necessarily rigidly tied to these fixed wavelengths. Moreover, a shift relative to
these wavelengths is typically observed, and only occasionally is the a priori condition met. The
reason for this phenomenon lies precisely in the influence of the fluorophore’s spectral properties on
the competition between three spectrally dependent processes: photoexcitation of the fluorophore
molecules, emission of spectrally distributed radiation from the fluorophore molecules, and resonant
quenching of this radiation at extremely small distances between the plasmonic nanoparticle and the
fluorophore molecule.

To clarify the differences between the TM and the proposed refined model (RM) for MEF
optimization, we will now outline the main assumptions, as well as the target values in both cases,
first for TM, and then for RM.

™

1) Monochromatic excitation at a fixed wavelength Aex, corresponding to the maximum of the
experimental curve lex.

2) Emission analysis at a fixed wavelength Aem, corresponding to the maximum of the
experimental curve lem.

3) Optimality criterion — the maximum fluorescence enhancement coefficient Kau under
constraints 1) and 2) specified above.

4. Development of a Model for Simulating the Spectral Fluorescence Response

The proposed RM includes:

1) Monochromatic excitation at a wavelength A, determined based on the condition of achieving
a maximum of the modified electric field intensity function Ee= |E|?/|Eol?, determined taking into
account the spectral excitation function of the fluorophore Iex, in the range of variation «excitation
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wavelength - the dimensional parameters of the plasmonic nanoparticle». We will call &es the effective
field intensity enhancement factor.

2) Determination of the effective emission parameters (effective radiation losses I'rad ctt, effective
nonradiation losses I'nr ef, and effective quantum yield Yex) in the fluorescence wavelength range
taking into account the spectral function Iem.

3) The optimality criterion is the maximum fluorescence signal enhancement (effective
fluorescence enhancement factor Kau e) in the range of variation «emission wavelength - the
dimensional parameters of the plasmonic nanoparticle».

Our modeling was based on the solution of the wave equation written for the electric field in the
form [41]

rotu™ rotE — 0® e E = —inj, (1)
The solution of equation (1) was carried out numerically using the COMSOL Multiphysics®®

computing package (Wave Optics module) [40]. As a result, the spatial distributions of the complex
vectors of the electric field strength E and magnetic field strength

H=i(op) rotE, )

corresponding to the monochromatic excitation mode at frequency ® of a homogeneous, isotropic
scatterer with permittivity functions € and magnetic permeability p; the value jo denotes the given
(external) conductivity current density of the object.

Important energy characteristics are the power of scattered energy

W, = [[SdA,

A

€))

and absorbed energy
W =[] Qav. 0
\

In (3), the Poynting vector (averaged over the period of optical oscillations) S=0.5-ReE*xH is
integrated over the sphere of area A enclosing the object, and in (4), the specific power of radiation
absorption

Q=0.5[weoe” | E|2+Re(E*jo)], ®)

isintegrated over the volume V of the object. In (5), the quantity jo denotes the given (external) density
of the conductivity current of the object, simulating the source of the fluorescent signal, &' is the
imaginary part of its permittivity.

To analyze the fluorescence mode, we considered two methods of field excitation:

1). At the stage of excitation of the object by an irradiating field of intensity Io with a given vector
of complex amplitude Eo at a frequency e, the homogeneous equation (1) was solved (this is an
equation with a zero right-hand side, i.e., at jo=0) and the distributions of local values of the vectors
E, H and the corresponding energy characteristics (3) — (5) were calculated. If, within the scatterer,
the irradiating field Eo can be locally approximated by a plane wave, then scattering and absorption
are usually characterized by the corresponding cross-sections [21]. Namely, the scattering cross-
section

Coa =Wiag / 1o/ (6)
absorption cross-section

Cabs :Wnr/ IO’ )
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and the extinction cross-section Cex. Note that in the experiment Cext, Csca are found and for a non-
absorbing environment the cross-section Cabsis calculated as [42]

Cabs=Cext - Csca. (8)

The method we propose to take into account the spectral dependence of excitation consists of
replacing in the formula for the local field gain factor

E=EF/IEy )
the value & with Ees:
Eetf = Iex-E. (10)

2). At the stage of emission of the fluorescent signal at the frequency wem, the inhomogeneous
equation (1) was solved and the distributions of local values of the vectors E, H and the corresponding
energy characteristics were calculated directly using formulas (3) — (5). In contrast to the excitation
stage, the fields E, H were induced not by the irradiating field with a given complex amplitude Eo,
but by a given (external) density of the conductivity current of the object jo. This is equivalent to
setting the corresponding external dipole moment po [41], simulating the source of the fluorescent
signal, which has a spontaneous nature and, as in works [9,21,25,42], is considered by us as a point
object.

An important characteristic of the fluorescence regime is the quantum yield Y [10,21,25]. To
calculate this value, we proposed a modified formula that takes into account the spectral
dependences of the fluorescent molecule’s response:

Y = 1_‘radeff (11)
e p
1_‘ra\deff +rnreff +1/Y0 -1
Here
Diagerr = Iem\Nrad / (hmem) , (12)
and
Dot = Iem\Nnr /(h(’)em)/ (13)

- respectively, the effective rates of radiative and non-radiative relaxation of the “nanoparticle —

0 _\p0
fluorophore molecule” complex, normalized to Trag =Wra /(h(Dem) - the rate of radiative
relaxation of an isolated fluorophore molecule with the value of its own quantum yield Yo.

Then the resulting formula for the fluorescence enhancement coefficient [10,21,25] is also

transformed and can be written as

Kt et = Eeff - Yer. (14)

5. Numerical Simulation Results and Discussion

In order to demonstrate the comparative effectiveness of the traditional TM and proposed RM
approaches to optimizing MEF, we will explain the sequence of computational procedures when
calculating the desired parameters in the two cases indicated. The fluorescent complex “nanorod —
TagRFP molecule” was chosen as a model object, and options for constructing fluorescent complexes
based on gold and silver nanorods were considered, calculations were carried out with water
parameters as the environment.

The traditional approach involves performing three consecutive steps:
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- Determination by formula (9) of the dependence of the amplification coefficient of the intensity
of the exciting field &=1E12/|Eol2 on the length Aex when varying the dimensional parameters of the
nanostructure (in our case, the AR is nanorod form factor) at a given gap A;

- Determination of the dependence of the quantum yield Y on the emission of a dipole of a
fluorophore molecule at a length of A with varying dimensional parameters of the nanostructure and
a given gap A, taking into account the intrinsic quantum yield of the molecule Yo.

- Based on the found dependencies & and Y, the value of the dimensional parameter AR is
determined, at which the maximum fluorescence gain coefficient Kau is achieved.

Figure 3 shows the results of calculating the absorption cross section Cabs of plasmonic nanorods
of the fluorescent complex when the AR form factor is changed. It can be seen that with an increase
in AR by 0.2 units, the peak of plasmon resonance of gold nanorods shifts by 25 nm (see Figure 3a),
silver nanorods — by 40 nm (see Figure 3b). The wavelength range of the abscissa axis in Figure 3
corresponds to the photosensitivity range of TagRFP.

The sequence of calculations of the defining parameters of fluorescence by TM is illustrated by
the calculation results shown in Figures 4-8. The calculations were performed with an optimal
“nanorod - TagRFP molecule” gap of A=6 nm in the case of a fluorescent complex based on gold
nanorods and A=3 nm in the case of a fluorescent complex based on silver nanorods. Despite the fact
that the distributions of calculated values in Figures 4-8 are given in the full range of
excitation/emission wavelengths of the fluorophore, we take into account the basic position of the
TM concept — the calculations result in discrete values of the field intensity gain & at Ae=555 nm (see
Figure 4), the rate of radiative I'rad and nonradiative I'nr relaxation of the complex (see Figure 5 and
Figure 6), the quantum yield Y (see Figure 7), and the fluorescence gain Ksu (see Figure 8) at Lem=584
nm.

A comparative analysis of the curves in Figure 3 and Figure 4 reveals a certain correlation
between the position of the Cabs and & peaks: at the same AR values, the peaks of the & curves shift
along the wavelength to the “red” side by about 20 nm in the case of gold nanorods and 8 nm in the
case of silver nanorods compared to the position of the corresponding Cabs peaks. At the same time,
the distance between the neighboring of Cabs and the neighboring peaks of & remains the same. The
same trends in the position of peaks synchronized with the Cabs peaks are characteristic of the I'rad in
Figure 5 in the case of gold and silver nanorods.

The situation changes somewhat when considering the spectral dependences of I'nr. While for
complexes based on silver nanorods, the above-mentioned pattern of synchronous changes in the
position of the I'nr and Cabs peaks remains the same (see Figure 6b and Figure 3b), for complexes based
on silver nanorods, I'nr peaks in the fluorescence range are not observed (see Figure 6b). I'nr increases
monotonously as it moves towards short wavelengths, and there is no correlation with the Cabs
resonance. Note that the high level of I'wr in Figure 6 is the same as I'rad (see Figure 5) at the edges of
the fluorescence range (this is a consequence of not taking into account the spectral properties of the
fluorophore shown in Figure 2) is the main disadvantage of TM, leading to a contradiction in the
physics of the spectrally selective fluorescence process. The spectral dependences I'rad and I'nr found
lead to the determination of the corresponding curves for the quantum yield Y shown in Figure 7.
Using the values & at Ae=555 nm from the results in Figure 4 and the dependence Y from Figure 4, it
is possible to determine the gain coefficient Kau from the curves plotted in Figure 8 at ALem=584 nm.
Thus, as a result of modeling using TM for complexes based on gold nanorods, as follows from Figure
8a, the choice of a nanorod with AR=1.3, which provides Kua:=5.6 when excited at a wavelength of
Aex=555 nm, is recommended as the optimal configuration. When using silver nanorods, the optimal
configuration is recommended to choose a nanorod with AR=2.0, which provides Km=152 when
excited at a wavelength of =555 nm.
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factor. Here and in the figures below, (a) corresponds to a fluorescent complex based on gold nanorods; (b)

corresponds to a complex based on silver nanorods.
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Figure 4. Spectral distribution of the field intensity enhancement factor &, calculated within the TM framework,
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framework, with a change in the AR form factor.

Fluorescence optimization according to the proposed approach using RM MEF involves
performing calculations in the same sequence. However, fundamental differences arise from the
introduction of new concepts: effective field enhancement factor &ett, effective quantum yield Yet, and
effective fluorescence enhancement factor Kauet. To determine the effective excitation fields and
fluorescence emission functions, formulas (9-14) are used, which include the fluorophore spectral
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property functions Iex and Iem (shown in Figure 3). The results of calculations using RM MEF are
presented in Figures 9-13.

The main differences between the calculation results for &eff, I'radef, and I'nrert in Figures 9-11 are:

i) spectral localization (the curves describing the dependences of the physical process
parameters are defined strictly in the excitation/emission range of the fluorescent molecule);

ii) a correlation between the shifts of the &etf, ['radeit, and 'nrett peaks and the shifts of the Cabs peaks
(see Figure 3) exists, but is expressed to a much lesser degree, while the differences in the actual
values of the Eetr, I'rad eff, and I'nrest maxima are significant;

iii) the physical interpretation of the obtained results corresponds to the description of the
spectral sensitivity upon excitation and the spectral distribution of fluorescent radiation upon
emission of fluorophore molecules.

Comparing Eer in Figure 9a and Cabs in Figure 3a reveals that for gold nanorod-based complexes,
the trend for &« peaks to move synchronously with Cabs peaks remains. However, the 25 nm distance
between Cabs peaks decreases by an order of magnitude relative to adjacent &t peaks. For silver
nanorod-based complexes, the distance between &« peaks decreases by a factor of 40. This nontrivial
result can be termed the e stabilization effect.
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Figure 9. Spectral distribution of the effective field intensity enhancement factor &et;, calculated within the RM

framework, with a change in the AR form factor.
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Figure 10. Spectral distribution of the effective radiative relaxation rate I'rad eff, calculated within the RM

framework, with a change in the AR form factor.

Of practical interest is the fact that there appears to be no universal recommendation for tuning
the LSPR when selecting the nanorod size parameter. Recommendations may vary depending on the
optical properties of the nanorod material. For example, a comparison of Figure 3a and Figure 9a
shows that maximum excitation of the TagRFP molecule (maximum &e) in complex with a gold
nanorod is achieved by tuning the Cabs peak to a wavelength of 559 nm, which exceeds Aex = 555 nm.
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In the case of a complex based on silver nanorods (see Figure 3b and Figure 9b), to ensure maximum
excitation, it is necessary to adjust the Cabs wavelength in the negative direction — to a wavelength of
542 nm. The RM calculation results in each case considered make it possible to determine the
direction and magnitude of the LSPR plasmon resonance detuning depending on the material
properties and the size of the nanorods.
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Figure 11. Spectral distribution of the effective non-radiative relaxation rate I'nr eff calculated within the RM

500

framework, with a change in the AR form factor.

As for Tradeff and T'nrett in Figure 10 and Figure 11, the distance between adjacent peaks of T'rad et
of complexes with gold nanorods is 11 nm, with silver nanorods — 15 nm, and between peaks of I'nreft
-5 and 2 nm, respectively.

Based on the calculation results of Yett on Figure 12 and &e on Figure 9, the Kauett dependencies
presented on Figure 13 are obtained. The dependence analysis in Figure 13a shows that when using
RM, it is recommended to choose AR=1.3 as the optimal configuration of the complex based on gold
nanorods, which has a maximum Kaue#=9.7 (Kiuet=6.4 at a wavelength of A.=584 nm) when excited at
a wavelength of Ae=555 nm. This result is higher compared to the one obtained by using TM. It should
be noted that the results of calculating Ksuctt for other values of the AR form factor differ from those
obtained using TM (see Figure 8a) not only quantitatively, but also qualitatively.

It follows from the data in Figure 13b that for complexes based on silver nanorods, the optimal
configuration is recommended to choose a nanorod with AR=1.8 (differs from the recommendation
according to the TM results), which provides a maximum Ksuer=140 when excited at a wavelength of
Aex=555 nm. Using the recommended size of nanorods according to TM AR =2.0 leads to a twofold
decrease in the maximum value of Kuef.

05 — 1

0.45
0.4
0.35
03

0.25

Yen

02

Yen

0.9
08
07
06
0.5

04

500 550 600 B850 500 550 600 650 700 750
A(nm) 2 (nm)
(a) (b)

Figure 12. Spectral distribution of the effective quantum yield Yer calculated within RM with changing form

factor AR.
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Figure 13. Spectral distribution of the effective fluorescence enhancement coefficient Ku ff, calculated within the

RM framework, with a change in the AR form factor.

The refinements obtained using RM for choosing the optimal configuration of fluorescent
complexes seem significant. The proposed technique provides localization and, ultimately,
unambiguous determination of the zone of optimal parameters of fluorescent complexes, taking into
account the spectral sensitivity of the fluorophores used, which is illustrated by distribution maps for
Figure 14 (gold nanorod-based complexes) and Figure 15 (silver nanorod-based complexes). As can
be seen from Figure 14 and Figure 15, all distributions of the sought quantities obtained within the
framework of the RM model are localized in the “wavelength - AR” coordinates. The zones of high
values of Eeff, I'rad ot and Kiu eff are limited to ellipsoid-shaped areas, the maximum position in each of
them is easily determined unambiguously. The adopted procedure for selecting the optimal AR
parameter of the fluorescent complex is to find the maximum Kauett, as shown in Figure 14c and Figure
15¢ (the maximum is indicated by the intersection point of vertical and horizontal solid white lines).
The choice of AR determines the spectral distribution of the fluorescent radiation (defined by the
distribution of the function I'radetf on the horizontal solid white line in Figure 14b and Figure 15b). The
optimal excitation wavelength is selected based on the achievement of the maximum value of the &
function on the horizontal solid white line in Figure 14a and Figure 15a). It should also be noted that
the high & values in Figure 14a and Figure 15a have an elliptical shape that is slightly inclined
relative to the vertical. An obvious consequence of this is that, with varying AR, the position of the
et maximum may not coincide with Ae=555 nm, indicated by the vertical blue dotted line. The same
is true for the I'rad eff maximum relative to Ae=584 nm, indicated by the vertical red dotted line in
Figures 14b and 15b.
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Figure 14. Distribution maps of (a) the effective field intensity enhancement factor &et, (b) the effective radiative
relaxation rate I'rad e, and (c) the effective fluorescence enhancement coefficient Ksu ef, calculated within the RM

framework, for complexes based on gold nanorods.
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relaxation rate I'rad eff and (c) the effective fluorescence enhancement coefficient Kuefi, calculated within the RM

framework, for complexes based on silver nanorods.

Due to the fact that RM implements a more general approach, providing information on the
spectral distribution of I'rad eff OVer the entire range of fluorophore emission (see Figure 14b and Figure
15b) in comparison with TM, it seems advisable to further build a strategy for optimizing fluorescent
complexes using some integral estimates as a criterion. Thus, for example, for a selected AR, the
integral of the normalized function I'rad et OVer the range of fluorophore emission wavelengths, taking
into account the spectral dependence of the photon energy, multiplied by the maximum &et for the
same AR, can be taken as an estimate of the gain factor of the total power of the fluorescent signal.

6. Conclusions

1. An RM is proposed that takes into account the spectral selectivity of the excitation/emission
properties of a fluorophore in a finite wavelength range, which is universal with respect to arbitrary
fluorophores used in the construction of fluorescent complexes.

2. The position of the maximum intensity of the LSPR field in the near zone, used for spectral
tuning of the fluorescent complex, has a redshift relative to the Cas peak: for the studied gold
nanorods, it is 22 nm, for silver nanorods — 8 nm. This information is important for precision tuning
of the field maximum based on the results of experimental measurements of absorption parameters.

3. The spectral sensitivity of the fluorophore molecule leads to the effect of spectral stabilization
Eett: the change in the position of the maximum of the & LSPR field intensity with a change in the
nanorod form factor is several times greater than the change in the position of the maximum &et.

4. The maxima of the spectral dependences of the field enhancement coefficient, radiative and
non-radiative relaxation rates, found using RM, as a rule, do not coincide with the maxima of the
functions lex, Iem, and the nature of the curves corresponds to the physical meaning of the modeled
processes.

5. It is shown that recommendations for choosing optimal parameters of fluorescent
nanocomplexes based on RM results can significantly (several times) improve the parameters of
synthesized fluorescence nanocomplexes compared with ones obtained using the recommendations
on TM. A positive factor of practical significance is information on the dependence of the fluorescence
enhancement factor over the entire wavelength range of the fluorescence signal.
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