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Bioprobe based on fluorescence is widely used in biological and medical research due to its high
sensitivity and selectivity. Yet, its quantification in vivo is complicated and often compromised
by the interaction between the fluorophore with the environmental factors, as well as the optical
scattering and absorption by the tissue. A high florescence quantum yield and minimal inter-
ference by the environment are key requirements for designing an effective bioprobe, and the pre-
requisitions severely limit the available options. We propose that a comprehensive evaluation
of potential bioprobe can be achieved by simultaneously measuring both radiative and non-
radiative transitions, the two fundamental and complementary pathways for the energy
de-excitation. This approach will not only improve the accuracy of the quantification by catching
the information from a broader spectrum of the energy, but also provide additional information of
the probe environment that often impacts the balance between the two forms of the energy
transition. This work first analyzes the underlying mechanism of the hypothesis. The practical
feasibility is then tested by means of simultaneous measurements of photoacoustic signal for the
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non-radiative and fluorescence for the radiative energy processes, respectively. It is demonstrated
that the systematic evaluation of the probe energy de-excitation results in an improved
quantitative tracing of a bioprobe in complex environment.
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1. Introduction

Bioprobes based on fluorescence with high sensi-
tivity and selectivity are widely used in biomedical
research.'™ In wvivo monitoring of bioprobes has
shown exciting results in localization and dynamics
of protein expression, early detection and diagnosis
of tumors, and the detection of calcium signal in
neurons etc.” ¥ The majority of the current in vivo
fluorescence imaging techniques measure the chan-
ges in radiative relaxation via fluorescence of biop-
robes. The results are prone to the variations in the
chemical /physiological environment (e.g., pH, ions,
protein, solvent polarity, etc.) due to the fluores-
cence quenching, and by the photon scattering and
absorption in tissue before the optical data acqui-
sition. These contribute to significant uncertainties
in the accuracy for quantitative work. A high fluo-
rescence quantum and minimal interference from
the environment are key factors to be considered in
designing an effective bioprobe. These pre-requisites
severely limit the options for a potential probe.

It is well known that stimulated emission from an
excited fluorescence probe has two major paths: Ra-
diative decay via fluorescence and nonradiative decay
via thermal dissipation.!’™*? The radiative and non-
radiative transitions occur simultaneously after an
excitation, and there is a competitive mechanism
between them (see detailed explanation in Sec. 2.1).
Given the complementary nature of the two path-
ways, signal change in one channel may be deduced
from the other, if the total is known. Reversely, if the
energy from both channels could be captured
completely, the summation would more accurately
reflect the quantity of the probe. A system that can
simultaneously monitor both radiative and non-
radiative transitions, thus, will likely provide a more
comprehensive evaluation of the probe’s behavior,
compared to that monitoring either channel alone.
Furthermore, as the balance between radiative and
nonradiative decay is affected by various environ-
mental factors, the approach may also provide addi-
tional information regarding the probe environment.

Presently, nonradiative decay is not usually mea-
sured /monitored at the same time with fluorescence,

due to technical difficulties. When the excitation is a
short pulse (e.g., nanosecond), the heat generated by
the nonradiative decay produces an ultrasonic wave
via thermoelastic expansion — this is known as the
photoacoustic effect.'>™'° The center of the proposed
technique is to utilize the same excitation energy
for simultaneous monitoring of the radiative and
nonradiative relaxations, and ultimately achieving
quantitative tracing of bioprobes.

2. Materials and Methods
2.1. Principle and methods

The Jablonski diagram'” (Fig. 1(a), first conceived by
Alexander Jablonski in the 1930s), clearly demon-
strates the competitive mechanism of the non-
radiative transition and radiative transition during a
single excitation process. After the probe molecules
absorb light energy, electrons transition from the
ground state (S,) to an excited state (S;), followed by
a radiation or nonradiation transition from the ex-
cited state to the ground state. The radiative transi-
tion process involves fluorescence, delayed
fluorescence, or phosphorescence emission, but the
proportion of delayed fluorescence and phosphores-
cence is minimal and negligible. The nonradiative
transition process includes vibrational relaxation,
internal transfer, intersystem crossing, and external
transfer, all of which release energy in the form of
heat, an energy source for photoacoustic effects.

When a bioprobe is irradiated by a short pulse
laser, the detected fluorescence intensities FI from
the probe can be written as follows'®!?:

F; = AFe(\)Ch, (1)
where A is the system transfer function connected
fluorescence detection and total fluorescence energy,
which is a constant in the same system. F' is the
laser pulse energy density (J/cm?). £()) is the molar
absorption coefficient of the probe at the excitation
wavelength. C' is the concentration of the probe. 7 is
the fluorescence quantum yields of the probe. In this
work, we assume that the absorption coefficient of the
probe affected by environmental factors is negligible.
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Three-dimensional
scanning platform

(a) The Jablonski diagram indicates the complementarity of photoacoustic and fluorescence signals. (b) The schematic

diagram of photoacoustic-fluorescent complementary imaging system. The fluorescent and photoacoustic signals generated during
a single excitation process can be simultaneously detected. PL imaging: Fluorescence imaging; PA imaging: Photoacoustic

imaging.

To eliminate the effect of fluorescence quantum
yield n on the total evaluation of the probe
concentration, an intermediate coefficient M is
traduced, M = AFe()\). Equation (1) becomes
F; = MCn, M can be titrated from a known con-
centration Cy and the corresponding fluorescence
intensity at the concentration. 7, is the fluorescence
quantum yields of the probe at Cj,.

_ Fro
00770’

(2)

where C is a known concentration. 7, is the fluo-
rescence quantum yields of the probe at the known
concentration, Fy, is the fluorescence intensities of
the probes at the known concentration.

If the excitation light is a short pulse, then the
heat generated during nonradiative decay produces
an ultrasonic thermoelastic wave via the thermo-
elastic expansion. The photoacoustic amplitudes P
can be expressed as follows!?!%:19;

P = BFe(\TC(1 — 7). (3)

Here, B is the system of photoacoustic channel
transfer function connected photoacoustic detection
and total photoacoustic energy. F is optical
fluence (J/cm?). e()\) is the molar absorption
coefficient of the probe at the excitation wave-
length. I' is the Griineisen coefficient (nearly con-
stant at room temperature). To simplify Eq. (3), N
as an intermediated coefficient is introduced, it
is defined as N = BFe(A)T, thus Eq. (3) becomes

P= NC(1—-mn). Thus N can be calculated as
follows:
)
N=——7— (4)
Co(1 —mo)

where C|, is a known concentration. 7, is the fluo-
rescence quantum yields of the probe at the known
concentration, P, is the photoacoustic amplitudes of
the probes at the known concentration.

Given the complementary nature of fluorescence
and photoacoustics from the probes in a single ex-
citation process, supposing that the detected fluo-
rescence and photoacoustic signal are from the same
region and there are no other physical and chemical
loss, the sum of the energy from the two channels
could be used for quantification of the probes.
According to Egs. (1)—(4), the quantification of the
probe can be expressed as follows:

P onroa-n=c (5)

Equation (5) shows that, in an ideal situation, the
fluorescence, and photoacoustic signals from the
same probes resulted from a single excitation could
be used for quantification of the probes without
being affected by the fluorescence quantum yield
fluctuation.

To test the technical feasibility of the simulta-
neous monitoring of the radiative and nonradiative
signals, a photoacoustic-fluorescence imaging
(PA-FLI) system has been developed (Fig. 1(b)).
A pulsed laser beam is expanded and then re-
focused onto the sample through an objective lens.
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The photoacoustic signal generated in the sample is
received by an ultrasonic transducer beneath the
objective lens, while the fluorescence is simulta-
neously collected by the objective lens and detected
with a photomultiplier (PMT) tube through a di-
chroic lens and filters. A silicon photodiode moni-
tors and calibrates the intensity of the excitation
light. The samples position and the corresponding
data PA-FLI system has been successfully con-
structed and can be used for experimental studies.

2.2. Materials

Rhod-2, Atto 680 were purchased from Bridgen
biotechnology Co. Ltd (Beijing, China). Trypto-
phan was purchased from Sigma-Aldrich (Beijing,
China). Since all the chemicals were analytical grade
and were used without further purification, the high-
purity deionized water (resistance > 18 M) cm) is
used throughout. Neuroblastoma (SH-SY5Y) was
obtained from the Cell Culture Center of SunYat-sen
University (Guangzhou, China).

The optical absorbance of Atto 680 in the aque-
ous solution in the absence and presence of trypto-
phan was investigated by UV /visible absorption
spectra (Lambda-35 UV /visible spectrophotometer,
Perkin-Elmer, MA, USA). Fluorescence spectra of
Atto 680 in the absence and presence of tryptophan
were investigated by an LS-55 fluorescence spec-
trophotometer (Perkin-Elmer).

Cell Culture: Neuroblastoma (SH-SY5Y) cells in
Eagle’s minimal essential medium. The media were
supplemented with 10% fetal bovine serum and 1%
penicillin-streptomycin, in 5% CO,, 95% air at 37°C
in a humidified incubator.

Photoacoustic-fluorescent imaging system: The
experimental setup was shown in Fig. 1(b). A tun-
able pulsed laser with a repetition rate of 20 Hz and
a pulse width of 4ns (Nd:YAG Surelight-II-20
connected to Surelite OPO Plus, Spectral tuning
range 675-1000 nm, Continuum) was used as the
light source. The light through scan lens and tube
lens was then focused by the objective lens to irra-
diate the tested samples. The average energy den-
sity of the laser at the wavelengths used in this
study was set to be <20mJ-cm~2 at the target
site. The ultrasonic transducer (Doppler Electronic
Technologies Co., Ltd., China) with center fre-
quency of 10 MHz and —6dB bandwidth of 100%
was used to receive the PA signals generated by the
tested samples. The fluorescence was collected by

the objective. The fluorescence through the dichroic
mirror and filter was detected by PMT, ultimately.
The PA signals and the fluorescence signals were
recorded by the computer through a dual-channel
data acquisition card. The sampling rate of the data
acquisition card was 200 Msamples/S. A 2D scan-
ning stage was driven by computer-controlled ul-
trasonic motors. A silicon photodiode (ET 2000,
Electro-Optics Technology, Inc., Traverse City,
USA) was used to monitor and calibrate the in-
tensity and stability of the laser beam. A computer
controls an ultrasonic motor to move the samples
and analyzes the photoacoustic and fluorescent
signals generated at each scan point in real-time.
Fluorescent and photoacoustic images within
the region of interest can then be obtained,
simultaneously.

3. Results and Discussion

In order to demonstrate that the PA-FLI has been
built successfully, we did test experiments. Neuro-
blastoma cells (SH-SY5Y) were labeled with calci-
um probe (Rhod-2). The PA-FLI system is used to
image the labeled neuroblastoma cells simulta-
neously. The image is shown in Fig. 2. The experi-
mental results verified that a complementary
imaging system of PA-FLI system with the same
excitation source was successfully constructed and
could be used for experimental research.

To experimentally demonstrate that the com-
bined fluorescence and photoacoustic signals in a
single excitation process provide a superior means
to quantify the probes, Common dyes (Atto 680)
were tested as examples. Efficient photoinduced
electron transfer (PET) can occur between the first
excited singlet state of organic fluorophores and the
ground-state of natural amino acids. To demon-
strate that probe fluorescence could be affected by
the environmental factors, a fluorescence quencher,
tryptophan of various concentrations was intro-
duced into the Atto 680 solution and the corre-
sponding fluorescence emission spectra acquired
(Fig. 3(a)). With an unvaried [Atto 680], fluores-
cence intensity decreased as the [tryptophan] esca-
lated, expected as the quencher inserting its effect.
(Fig. 3(a) insert).

At the same pulsed laser excitation, the PA-FLI
system simultaneously detected the fluorescence
and photoacoustic signals of Atto 680. The results
show that as the concentration of the florescence
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Fig. 2.

quencher Tryptophan increases, the Atto 680 fluo-
rescence signals reduced and the photoacoustic
signals increased, correspondently (Figs. 3(b)
and 3(c)). In this particular case, the fluorescence
or photoacoustic intensity of the probes was sharply
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Photoacoustic (a) and fluorescence (b) images of neuroblastoma cells (SH-SY5Y) labeled with calcium probe (Rhod-2).

changed due to fluorescence quenching. Clearly,
neither fluorescence nor photoacoustic signal alone
would not accurately reflect the actual quantity of
the probe. Yet, by combining the simultaneously
acquired fluorescence and photoacoustic in Eq. (5),
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Fig. 3. Dynamic process with induced interference shows the reliability of the quantitative measurement. The photoacoustic and
fluorescence nature of the representative dye (Atto 680) with and without influence of environmental factor (tryptophan). (a) The
fluorescence spectra of Atto 680 in aqueous solutions with different tryptophan concentrations. Quantitative Atto 680 fluorescence
(b) and photoacoustic signal (c) intensity detected by the photoacoustic-fluorescence imaging (PA-FLI) system at aqueous solutions
with different tryptophan concentrations. (d) The quantification of the Atto 680 calculated by Eq. (5). According to the fluorescence
and photoacoustic signal in a single excitation process (excited at 680 nm), data are shown mean + SD (n = 3).
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(a) Fluorescence (red dot) and photoacoustic (blue triangle) signals of different Atto 680 concentrations (0.25-8 uM).

The quantification of Atto 680 according to Eq. (5) (green square). The error bars represent standard deviations of three separate
measurements. (b) Optical absorption spectrum of different Atto 680 concentrations (0.25-8 uM). (c) Optical absorption value at
680 nm of different Atto 680 concentrations (0.25-8 uM). Data are shown mean + SD (n = 3).

a more accurate quantification of the probe, inde-
pendent of the fluorescence quenching efficiency,
could be achieved (Fig. 3(d)).

Fluorescence quenching usually occurs when the
fluorescence probe concentration is too high.?’
Fluorescence quenching resulted in inaccurate
measurement of probe concentration by the fluoro-
metric method. Figure 4(a) shows that the fluores-
cence intensity was no longer linearly related to the
Atto 680 concentration due to the fluorescence
quenching phenomenon. The relationship between
photoacoustic signal intensity and probe concen-
tration is not linear. Therefore, when the probe
gathers to a certain concentration and fluorescence
quenching occurs, the single photoacoustic or fluo-
rescence signal cannot accurately reflect the con-
centration of the probe. Due to the complementary
relationship between photoacoustic and fluorescent
signals, one increases and the other decreases. Using
Eq. (5), combined with photoacoustic and fluores-
cence signals, the probe can still be quantified

(Fig. 4(a), green square). If the quenching effect of
fluorescence does not cause changes in the absorp-
tion spectrum of the probe, it may be possible to
quantify the probe by measuring its absorption
(Figs. 4(a) and 4(b)). However, it is difficult to ac-
curately and noninvasively measure the optical ab-
sorption value of the research object in vivo. The
simultaneous measurement of photoacoustic and
fluorescence signals during the same excitation
process by PA-FLI system could be an accurate
method to quantify probe concentration in vivo.
The simultaneous measurement of photoacoustic
and fluorescence signals of the bioprobes by PA-FLI
system has the potential for quantitative tracing of
bioprobes. However, at present, our theoretical
model has not considered the influence of actual
light transmission or acoustic transmission loss on
the measurement accuracy. We hope to add the loss
in the conduction process as a parameter to the
model in the next study. The method presented in
this paper is currently only suitable for adaptation
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in the point excitation mode. The point scanning
mode limits the imaging speed of the PA-FLI system.
The current system still uses the mechanical scanning
mode, and the imaging speed is still relatively slow, so
it is difficult to realize the real-time scanning of the
region of interest. There is still a limitation to tracking
probes that move or diffuse rapidly. The application
of our method to small animal imaging requires fur-
ther improvement in imaging speed and further con-
sideration of the impact of measurement results on
the loss of fluorescence and ultrasound transmission.

4. Conclusions

In this work, we developed a method to accurately
quantify fluorescent probes. The method quantifies
the probe by simultaneous measuring of photo-
acoustic signal for the nonradiative and fluorescence
for the radiative energy processes, respectively. The
experimental results show that when the fluores-
cence quantum efficiency of the probe is affected by
environmental factors, the fluorescence probe can
be accurately quantified by integrating photo-
acoustic and fluorescence signal intensity through
Eq. (5). In addition, when fluorescence quenching
occurs due to high concentration of probes, our
proposed method can still accurately quantify the
probes. The systematic evaluation of the probe en-
ergy de-excitation could improve quantitative
tracing of a bioprobe in complex environment.
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