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COMPARISON OF FLUORESCENCE EXCITATION MODES FOR CDSE
SEMI-CONDUCTOR QUANTUM DOTS USED IN MEDICAL RESEARCH

Kuzishchin YA'®™ Martynov IL', Osipov EV', Samokhvalov PS?, Chistyakov AA", Nabiev IR?
"Department of Physics of Micro- and Nanosystems,
National Research Nuclear University MEPhI, Moscow
2Laboratory of Nano-Bioengineering,
National Research Nuclear University MEPhI, Moscow
Fluorescence spectroscopy is a powerful tool used in applied biological and medical research. Colloid semi-conductor
guantum dots are promising fluorescent tags for simultaneous detection of different biopathogens. The techniques employing
these tags can be improved by selecting the optimal modes for signal excitation and detection. The aim of the present work
was to derive a mathematical expression to describe the signal-to-noise ratios in the pulsed and modulated excitation modes.
Below, we compare these two modes of fluorescence excitation in ultralow quantities of quantum dots. We demonstrate that
modulated excitation should be preferred for CdSe/ZnS quantum dots given that signal accumulation time is over 100 mc and
the photosensor is exposed to background light of > 1 uW.
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CPABHEHVE PEXXMIMOB BO3BY>XAEHUSA ®JTYOPECLIEHLINA
NOsYNPOBOOHUKOBbIX KBAHTOBbIX TOYEK HA OCHOBE
CENEHUOA KAOMUS 0151 BUOMEOULMHCKUX MPUNTOXXEHUN

FO. A. KyaunwmH' =, W, J1. MapTtbeiHoB!, E. B. Ocunos’, . C. Camoxeanos?, A. A. HYuctskos', 1. P. Habres?
' Kacbegpa ursmkn MUKPO- 1 HAHOCUCTEM,
HaumnoHanbHbIn nccnegoBatensckuii gaepHbit yHeepeuteT «MADK» (MOCKOBCKUI MHXEHEPHO-(U3NHECKIA MHCTUTYT), Mockea
2 Jlabopatopust HaHO-BNOHXKeHEPWM,
HaupoHanbHbIn nccnegoBaTensCkuin saepHbint yHnBepeuteT «MVIDKT» (MOCKOBCKNIA MHXEHEPHO-(PU3NHECKIA MHCTTYT), MockBa
B HaCTosALLEeE BPEMA, (DﬂyOpeCLLeHTHaFI CNeKTpocKonva — 3710 MOLLI,HbII7I VHCTPYMEHT, I/ICI'IOﬂbsyeMbIVI B OVONOrMHECKUX 1
MeONUNHCKMX NPUKNaaHbIX NCCnegoBaHUAX. O,D,HI/IM M3 NEePCneKTBHbIX TUMOB JITOMUHECLEHTHBIX METOK OJ1A OAHOBPEMEHHOIO
06Hapy>KeH|/|9| Pa3NN4HbIX OUONOrMHYECKNX areHToB B O,EI,HOI7I npoGe ABNAKOTCA KOO AOHbIE NOJ1ynpOBOOHNKOBbLIE KBAHTOBbLIE
TOYKW. BarkHbIM HarnpasieHneM COBEPLUEHCTBOBAHUA METOOANKN X MPUMEHEHNA ABNAETCA I'lO,D,GOp onTMalibHOIro pexxrnMa
BO30Y>XAEHWS 1 perucTpaumn ayopecLeHTHOro curHana. Takum o6pasom, Lienbio HacTosLen paboTbl ObiNo nonyyeHe
MartemMaTn4eCKoro BblpadkeHsA ONA OUEeHKM OTHOLUEeHWA CI/II'HaJ'I/LLIYM B Cny4ae UMMNynbCHOro 1 MooynAaAunioOoOHro pexxnmonB
BOS6y>K,EI,eHI/I9|. Hpe,D,CTaBJ'IeHbI pe3ynbrarbl TEOPETNHECKOIO CPaBHEHWA OaHHbIX PEXNMOB BOS6y>K,EI,eHVIﬂ ana perncrpadnmn
d)ﬂyOpeCLLeHTHOFO CurHana ot ynbrpa-MalblX KOJIMHECTB KBAHTOBbIX TOYEK. [TokazaHo, 4To B cny4yae npuMeHeHns KBaHTOBbIX
To4ek CdSe/ZnS B YCNoBUNAX CDOHOBOI7I 3aCBETKN C MOLHOCTbLIO CBbILLE 1 MkBT 1 BPEeMEHEM HaKOrjeHnaA nosie3Horo curHana
cBbiwe 100 me ONA OOCTVXKEHNA BbICOKOW O6Hapy>KVITeJ'IbHOl7I CMoCcobHOCTU npeano4TnTeSibHee NCrnoNb30BaTh MO,EI,yﬂFILLVIOHHbIVI
PEXNM BO3OY>KAEHNS.
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Today, fluorescence-based analytical techniques are widely
used in applied biological and medical research to study protein
structures [1-3], diagnose cancer [4-8] and autoimmune
disorders [9], detect and classify biopathogens and toxins
[10]. The majority of these techniques rely on fluorescence
tags, among which semi-conductor quantum dots hold the
highest potential [8, 11-13]. Unlike conventional organic dyes,
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quantum dots have broad absorption spectra [14, 15], exhibit
high quantum vyield [16] and record-breaking photostability
[17]. Besides, the wavelength of the fluorescence emitted from
quantum dots depends on their size, so one can «tune» the
fluorescence spectra by varying the size of nanocrystals [16, 18].

Sometimes, as is the case with detecting low pathogen
concentrations or screening for cancer and autoimmune
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disorders, it is necessary to record ultralow-intensity fluorescence
[10]. Indeed, the best state-of-the-art photosensors sensitive
to the visible light spectrum are capable of detecting single
photons [10]. Such devices, however, only operate at very low
temperatures [19, 20] and are ultrasensitive to background light
[20]. These factors combined with high costs limit the use of
photodetectors to specific laboratory equipment or commercial
premium-quality machines [21-25]. Still, applied research
cannot do without highly sensitive, small, cheap, background-
noise-resistant photodetectors for fluorescence-based assays
involving multiple measurements of the same type.

Such photodetectors can be constructed from standard
silicon PIN photodiodes. To reduce background light interfering
with their performance, pulsed [26, 27] and modulated [28-30]
excitation modes can be used for luminophore excitation. In
the first approach, luminescence induced by pulsed excitation
is detected over a short time interval comparable to the
excited-state lifetime of the luminophore. If the intensity of
the excitation pulse is chosen properly, the amplitude peak of
the luminescence signal will significantly exceed the level of
background light. This approach, however, has a drawback:
it relies on the use of broadband photodetectors, broadband
recording units and expensive laser sources of excitation
radiation with a pulse duration ranging from 10 ns to tens of
picoseconds, depending on the selected fluorophore.

In the second approach, the effect of background light
is neutralized by reaching a high modulation frequency of
excitation light that exceeds a typical fluctuation frequency
of background light. Usually, the modulation frequency falls
within a range of 10 to 100 kHz [31, 32]. By applying the
Fourier transform at the modulation frequency during signal
processing, one can isolate and discard the signal resulting
from low-frequency power fluctuations of background light.

To create a photosensor exploiting the principle of
modulated excitation, narrowband or lock-in amplifiers, the
Fourier transform of the emitted luminescence signal or their
combination are employed [31, 32]. Each of these approaches
has its own specifics. Although the use of a broadband
amplifier necessitates a broad dynamic range and a good ADC
(analog-to-digital converter) resolution for the Fourier transform
to be applied, the latter is instrumental in eliciting a plethora of
information about the recorded signal as possible. Narrowband
amplifiers do not impose such strict requirements on the ADC
but their architecture is more complex.

On the whole, the technique based on the modulation of
excitation light requires a simpler laser source than the pulsed-
based one. Still, it is not perfect: one of the most obvious
downsides to it is long signal accumulation time not needed for
pulsed excitation.

Considering the above said, the optimal choice of a technique
for detecting low-intensity luminescence is determined by the
photo- and physical properties of the selected luminophore
and the level of background light. Devices for luminescence
analysis must be fast, cheap and have low power consumption.

The aim of this work was to carry out a comprehensive
comparison of techniques exploiting pulsed and modulated
signals to excite low-intensity luminescence in the visible part
of the light spectrum and detect it using PIN photodiode
photosensors. The average power of excitation light was
selected as a reference condition. We hope that the obtained
data will aid in selecting the optimal system for a luminescence
assay based on the excited-state lifetime of the luminophore
and the level of background light. In this work we also
talk about the choice of optimal modulation frequency of
excitation light.

METHODS

In this section we derive mathematical expressions to describe
the signal-to-noise ratio using a standard noise model, write
them in a convenient form for further comparison and use them
for the analysis of different fluorophore excitation modes. The
average power of excitation light was selected as a reference
condition allowing us to compare the pulsed and modulated
excitation modes.

The output of the majority of Si PIN photodiode
photosensors is voltage [33-36], whereas the photodiode itself
is a source of current [37]. To convert current to voltage, such
photodetectors are equipped with a transimpedance amplifier
[38] set up for a particular task.

The main characteristics of a transimpedance amplifier are
transimpedance resistance R, and the upper bound frequency
£ o The following statement is true for the signal with a frequency
below £,

U=P.S-R,,

where U, is the output voltage, P, is the power of the
fluorescence signal, S is the sensitivity of the photodiode. The
noise of the ampilifier can be described in terms of the output
voltage noise density of the amplifier u_,. However, in practice
NEP (the noise equivalent power of the optical signal) is often
used for this purpose [37]:

u., w

NEP= %5 | ] )
Clearly, both NEP and the detection threshold of the
photosensor are directly dependent on the noise characteristics
of the ampilifier and the operating mode.

Of note, the noise of a multistage amplifier is determined
by the noise of the first stage [39]; the subsequent stages
only proportionally increase the amplitude of both signal and
noise and do not affect their ratio. This phenomenon allows
us to use a single-stage amplifier as a model for analyzing
noise characteristics. In transimpedance amplifiers the primary
source of noise is the thermal noise of feedback resistance R,
which corresponds to transimpedance resistance R.. Using the
standard equation for thermal noise [40], one can write:

_ AT 1 e
NEP = —& R IR @
where k is the Boltzmann constant and T is resistance
temperature.

From the expression (2) we can deduce that an increase
in feedback resistance improves noise characteristics of the
photosensor, but because of the parasitic capacitance Cp of
the photodiode [37] the upper bound frequency fp decreases.
Considering the relationship between R and CD, the NEP
equation can be rewritten as follows:

; J8nkTC £, . (8)

The equation (8) means that the simplest way to detect an
ultralow-intensity fluorescence signal is to continuously excite
the studied sample and use a photosensor equipped with a
direct current amplifier. This approach, however, is hardly ever
implemented because of the sources of additional low-frequency
noise ANEP(#), such as flicker noise [29, 40, 41], popcorn noise
[40] and power fluctuations of external light sources [42-45].
At frequencies below ~1 kHz, the contribution of these noise
sources can considerably exceed thermal noise density and
outweigh the advantages of a low-frequency photosensor [29,

NEP =
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46]. Therefore, pulsed and modulated excitation modes are

used instead, reducing the effect of additional noise sources

[29]. Each of these approaches, however, has its own specifics.
For a broadband amplifier unexposed to background light

and a signal induced by modulated excitation, the signal-to-

noise ratio can be described by the following equation:

Pow <Pu>+2
S//v— pe

0.5
8nkTC
(e (TPAMNEPZ(J‘)) af) .
where <P, > is the average power of the fluorescence signal,
P_is the noise power, fm is the modulation frequency of
excitation light. Presumably, the inverse duty ratio of excitation
pulses equals 2 and the upper bound frequency of the amplifier
fp equals the modulation frequency or slightly exceeds it.

At the same time, the photosensor operating in the
modulated excitation mode can only have a narrow gain
bandwidth A#, near the modulation frequency £.. So, to
use modulated excitation, physical or programmable lock-in
amplification [32], narrowband amplifiers [47] or filters [47] are

A 1.0E + 03

required; alternatively, multiple measurements can be taken
to average the signal [47]. These measures can help to avoid
the contribution of ANEP(#) to the total noise. If £ =n.Afp,
where n represents the number of periods needed to average
the signal, a photodetector with a narrowband amplifier can be
described by the following equation:

po <P,.>-S- \/n__ <P,.>-S
S/IN=5" fuyomaC,  MyomdaCh

Another challenge of this approach is the choice of an optimal
modulation frequency of excitation light. From (5) it is clear
that one should use the lowest frequency possible allowed
by the operational speed of the device. At frequencies below
~1 kHz the contribution of additional noises increases, rendering
work in this mode useless. The presence of background light
necessitates additional analysis with due account of the spectral
density of external light fluctuations at various frequencies.
The pulsed excitation mode relies on the phenomenon of
the peak power of the fluorescence signal P, = <P, > -d,

©)

1.0E + 02

Signal-to-noise ratio
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S
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Fig. 1. Dependency of the signal-to-noise ratio of the receiver on the background noise power in the modulated excitation mode (1) and pulsed excitation mode (2) for
a luminophore with an excited-state lifetime of 1 ns (2), 10 ns (3), and 100 ns (4). A. Signal accumulation times is 1 ms, the average power of the fluorescent signal is
1 nW, the typical frequency of background fluctuations is 100 Hz. B. Signal accumulation times is 1,000 ms, the average power of the fluorescent signal is 1 nW, the

typical frequency of background fluctuations is 100 Hz
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where d is the inverse duty cycle of excitation pulses. The pulse
repetition rate fex is determined by the requirements for the
operational speed of the device and is limited by the excited-
state lifetime 7, of the used fluorophore. If the task is to obtain
information about 7, then the duration of the excitation pulse
7, must be significantly lower than . But generally, it can
be comparable to 7, , mitigating requirements for the upper
bound frequency, which in this case is £, = 1/7, or £, =d £,

The excited-state lifetime of such fluorophores as organic
dyes and quantum dots normally varies from 1 to 100 ns [48,
49]. Therefore, the upper bound frequency of the photosensor
must fall within an interval between ~0.01 and 1 GHz. Under
such conditions, the contribution of additional low-frequency
noises ANEP(#) is negligible in comparison with the total
thermal noise of the ampilifier. With that in mind, NEP and the
signal-to-noise ratio of the photosensor operating in the pulsed-
modulation mode can be described by the following equations:

<P,.>-S.d <P,.>-S

_ - - (6)
S/N: Plum FST[KTCpfp.\/J[_p N 8nKT0p°fex

R

A 1.0E + 03

To account for the effects of background light with the
average power Pbg, the obtained formulas have to be corrected.
In the modulated excitation mode, the effect of background
light is indirect and manifests as an increase in shot noise.
In the pulsed-excitation mode, the effect of background light
shows as fluctuations of external illumination with the typical
borderline frequency fbg. Considering that, the signal-to-noise
ratio in both excitation modes can be written as

<'D\um>

S/N= 2nkTC AL 2 P Af, |7
[mc 70T g2, oo p/zs]

)

S/N- P . @

8nkTC f 2 o
[ pfex /82 + (Pbg Tlumfbg)z]

The formulas (7) and (8) allow adequate comparison of signal-
to-noise ratios in pulsed and modulated excitation modes
at the same operational speed of the device and the same
average power of the fluorescence signal (and, therefore, the
same average power of excitation light).
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Signal-to-noise ratio
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Fig. 2. Dependency of the signal-to-noise ratio of the receiver on the background noise power in the modulated excitation mode (1) and pulsed excitation mode (2)
at typical frequencies of the background power fluctuation of 10 Hz (1), 100 Hz (2), and 1,000 Hz (4). A. Signal accumulation times is 1 ms, the average power of the
fluorescent signal is 1 nW, the excited-state lifetime of the luminophore is 5 ns. B. Signal accumulation times is 1,000 ms, the average power of the fluorescent signal

is 1 nW, the excited-state lifetime of the luminophore is 5 ns
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RESULTS

Using the equations (7) and (8), we have analyzed the
dependencies of the signal-to-noise ratio on different
parameters, including the power and frequency of background
light fluctuations, the operational speed of the photodetector and
the excited-state lifetime of the fluorophore. For convenience,
we constructed the curves shown in the figures below. Fig. 1A
and 1B feature curves representing dependencies of the
signal-to-noise ratio on the power of background light for
luminophores with different excited-state lifetimes. Figures 2A
and 2B show curves representing dependencies of the signal-
to-noise ratio on the power of background light at various
typical frequencies of its fluctuations.

DISCUSSION

In the absence of background light, pulsed excitation of the
fluorophore is preferable (Fig. 1A and 1B). In the presence of
background light, pulsed excitation still should be opted for
when fast results are needed and the selected fluorophore has
an excited-state lifetime of less than 1 ns.

At the same time, as the power of background light
increases, the signal-to-noise ratio declines more slowly if pulse
excitation is applied. Also, it is important to remember that the
signal-to- noise ratio depends both on the excited-state lifetime
of the fluorophore and the typical fluctuation frequencies of
the background light power. Thus, for pulsed excitation the
signal-to-noise ratio is lower than for modulated excitation if
the excited-state lifetime of the luminophore is over 100 ns. A
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