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In the paper a measurement method of fluorescence intensity reduction (called photobleach-
ing) caused by excitation light was presented. Intensity of fluorescence light was measured
by silicon photomultiplier (SiPM) — sensor which allows single photons detection. It has more
compact dimensions and lower bias voltage in comparison to photomultiplier tube, presently
used in many laboratory devices. Standard photometric cuvettes with a capacity of 1.6 ml and

optical path length of 10 mm were used for the measurements. Sodium fluoresceinate dissolved
in 10 mM TRIS buffer at pH 8.5 was used as the fluorescent dye. The solution was tested at a
concentration of 100 pg per ml with constant excitation light from LED source over the time

of measurement.
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Introduction

Fluorescence is a phenomenon often used in various analytical
methods, especially in biotechnology. It is a fast photophysical
process in which a fluorescent dye molecule (a fluorophore) ab-
sorbs the energy of a photon falling on it during ~10 s. This
results in the passage of the molecule to the excited state of the
electron (singlet state), and then in a very short time (on the order
of 10 s) to go into equilibrium state. At this transition, a fluo-
rescence photon emission occurs. The condition for a radiant
transition is the transfer of energy in the form of a photon, not by
collision with other molecules. It is necessary to provide energy
for the generation of fluorescent radiation, the sources of which
are most often the photons of the excitation light. Under the in-
fluence of this light, the problem of bleaching (fading) of fluores-
cent dye molecules appears, due to their photochemical damag-
ing [1-3]. With fixed conditions, such as intensity of excitation
light, temperature and concentration of the dye, it is possible to
determine the dependence of fluorescence on the exposure time
of the sample. For this purpose, it is necessary to use sensitive
equipment that allows registration of differences at the level of
photons. In the paper we propose the silicon photomultiplier
which enables measurement with the resolution of single pho-
tons [4]. It is an element composed of a matrix of parallel-con-
nected avalanche photodiodes, placed on a common substrate
and working in Geiger mode. Equivalent circuit of the SiPM is
shown in Figure 1. Each individual photodiode has a polarizing

resistor connected in series, so that each cell (called pixel) works
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independently of the others. This resistor called quenching re-
sistor is also responsible for extinguishing avalanche so that the

cell is ready to receive another photon.

cell (pixel)/v

Figure 1. Electrical schematic of the silicon photomultiplier

The I, current flowing between the SiPM electrodes is equal
to the sum of the generated currents in each of the cells and
directly proportional to the electric charge resulting from the
avalanche effect. Readout electronics systems dedicated to ac-
quiring the signal from the silicon photomultiplier are based on
the 3 basic parameters of the signal (Figure 2):

» amplitude

* pulse time duration

* charge generated in the current pulse
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Figure 2. Parameters of the silicon photomultiplier signal from the point of view of acquisition

Devices that converts amplitude to digital form use peak de-
tectors (Peak Detector and Hold) to memorize the pulse heights,
for conversion time in an analog-digital converter. The higher
is amplitude of pulse from the silicon photomultiplier then the
longer its duration. To measure the duration of this impulse,
TDC (Time to Digital Converter) converters are used. The
simplest implementation of this converter is a comparator with
a properly set threshold. On its output there will be pulses with
a length directly proportional to the duration of the compared
pulse from SiPM. The charge generated in the silicon photomul-
tiplier is directly proportional to the current flowing between
its electrodes. Charge to digital converters (QDC) are used to
measure this charge. In this type of devices, the executive ele-
ment is a capacitor, which charges with SiPM current. As a re-
sult, the voltage on the capacitor is directly proportional to the
charge generated by the photons falling on the detector. This
method of measuring signal from the silicon photomultiplier

was used during fluorescence intensity measurements.

Instruments and Methods

Measurement system was built with 2 parts: optical and elec-
tronic. Optical part is responsible for absorption and emission of
light by fluorescence dye. Electronic part based on silicon photo-
multiplier is intended to measure intensity of fluorescence light.

Optical part

Fluorescence intensity measurements were performed in
a photometric cuvette made of polymethyl methacrylate
(PMMA) with capacity of 1.6 ml. The test solution was pre-
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pared from sodium fluoresceinate dissolved in a TRIS 10mM
buffer with a pH equal to 8.5. Measure solution with concen-
tration of 100 pg/ml was prepared by diluting a stock solution
(I mg/ml) derived from a dry sample weighed with a preci-
sion weight with resolution 10 pug. The sample was prepared at
room temperature. To stimulate the dye molecules, a blue LED
S500LLB4G-H + was used, supplied with a constant current of
12.7 mA. Its spectral characteristics are shown in Figure 3 (nor-

malized to range 0 + 1).
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Figure 3. The optical spectrum of the LED diode used in the research

Because the light from the diode propagates at a certain angle,
it was necessary to use an optical channel with diode diameter
for collimation of the beam. In this way, a uniform volume of
the solution with cylindrical shape and 5 mm diameter was ob-
tained. Figure 4 shows the way in which fluorescent particles
were stimulated to glow in a PMMA cuvette.
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Fluorescent light emitted by the test sample
after passing through the filter 530 nm.

90°

| PMMA cuvette filled with the test
solution to a volume of 900 pul.

Collimated light beam from the LED diode after
passing through the 480 nm

Figure 4. Stimulation of dye molecules for emission of fluorescent light in solution

The optical path length in the solution at a given height is 4
mm. With a diameter of 5 mm, the volume of the excitated solu-
tion by light can be calculated from the formula for the volume
of the cylinder: V_ =TIr* x d = 78,5 pl.

For the absorption and emission bands of sodium fluorescein-
ate, it is necessary to select the appropriate optical interference
filters: primary side (light absorbed) and secondary (light emit-
ted). The professional Bio-Tek filters used in the Synergy HT
spectrophotometer were used for the tests. These filters have
a high coefficient of attenuation outside the passband. The char-
acteristics of the filters used in the tests are shown in Figure 5.
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Figure 5. Spectral characteristics of Bio — Tek filters used during tests

The light with a suitably cut-out band reaches the solution of
the fluorescent dye, whose particles, in turn absorbing energy,
emit fluorescent radiation. This radiation passes through the
emission filter, followed by a special collimator coupled with
a quartz optical fiber. At the other end of the optical fiber there is
a SiPM head, to which the photons emitted by the sample reach.
Below is a photograph of the optical block for cuvettes (Fig. 6)
and a drawing of the method of combining optical elements in
blocks of blackened aluminium (Fig. 7).
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Figure 6. Photographs of optical block for PMMA cuvettes
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Figure 7. Drawing of the optical part
Electronic part

A block diagram of the electronic part (Fig. 8) provides a gen-
eral idea of the device structure.
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Figure 8. Block diagram of electronic part

Photons of fluorescence light generate a current signal in the
silicon photomultiplier. Current is converted by the transim-
pedance amplifier to a proportional voltage. After the amplifier,
a signal is splitted between two independence channels which
work in complementary way. By the time when the first channel
integrates a charge, a second one converts the charge stored in

the previous cycle (as a voltage in a capacitor) to its digital rep-
resentation (ADC). Each channel has also an SPST (Single Pole
Single Throw) switches responsible for change of acquisition
phase. Their resistance is at the level of ~4-8 ohms during ON
state. A principle of operation of the acquisition unit and opera-
tion phases of the system are presented in Fig. 9.
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Figure 9. Phases of acquisition: a) S1 — charging, b) S2 - conversion, ¢) S3 - discharging, d) channels outputs at the time of acquisition
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In the first phase (integration), the capacitor is being charged
by the current delivered by the amplifier output during defined
period of S1. When the S1 phase is finished in one channel, the
microcontroller switches the channels and in the same time goes
to the second phase: ADC conversion. Capacitor voltage, pro-
portional to the integrated charge is being now converted to its
digital form. Digital 16 — bit value is then handed over to the mi-
crocontroller, which sends out the data to the computer via the
USB interface. In the last phase, the integrating capacitor is dis-
charged to be ready for the next conversion. In the same time the
charge in the second channel is still being integrated, and once
this process is finished, the microcontroller switches again the
channels. The microcontroller algorithm is shown in Figure 10.
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Figure 10. Microcontroller program algorithm

For detection of fluorescence light a silicon photomultiplier
from SensL company has been chosen. Model S1020 has a su-
perior Signal to Noise Ratio than standard APDs. The sensor
operates in standard scheme from manufacturer’s application
note. Typically breakdown voltage for this SensL SiPMs is equal
28.4V but it’s possible to overrun voltage about 2V. In the final
device, breakdown voltage is equal 30.2V.

Results and Discussion

Figure 11 shows the measurement of a sample of sodium fluores-

ceinate illuminated by continuous light for 30 minutes. During

this time, a continuous decrease in the fluorescence intensity
was recorded.
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Figure 11. Photobleaching measurement of sodium fluoresceinate sample
using SiPM

As can be seen in the Figure 11, the photochemical destruction
process of the dye molecules is exponential. This dependence as
a function of time can be simplified by writing in the form of
a 3-degree polynomial, which greatly facilitates the approxima-
tion of measurement data.

The process of destroying the fluorescent properties of the
dye molecules is not always undesirable. This phenomenon is
closely related to other called Fluorescence Recovery After Pho-
tobleaching (FRAP) [5]. During illumination of a certain vol-
ume of solution, as shown in Figure 4, degradation of particles
occurs in this area. At this time a reduction of the fluorescence
intensity is recorded. After turning off the light source, as a re-
sult of the diffusion process, the faded particles are mixed with
the remaining ones. In this way, in the place of excitation, some
of the photochemically damaged dye particles are replaced with
others. In molecular biology, FRAP analysis is used to study
living cells [6, 7].

Conclusions

Silicon photomultiplier is very high sensitive detector which can
be used for measurement of fluorescence light what was con-
firmed in earlier research [8]. Results of measurements present-
ed in the paper confirms possibilities of application this kind
of sensor for fluorescence photobleaching measurement during
excitation of fluorophores by continuous light. Data analysis
shows that the exponential dependence of fluorescence intensity
on time can be written as n'™ degree polynomial. The study used
weak light source which is LED. It is possible to use a strong
sources of light in example laser or deuterium arc lamp what
will cause photobleaching process will be faster. For the FRAP
analysis, mainly pulsed light sources are used. Model of silicon
photomultiplier used in this research has a maximum frequency
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of operation at the level of tenth MHz. It is therefore possible to
measure the time of fluorescence recovery after photobleaching,
what will be included in future studies.
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