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Method for the use of polymer
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In this study, a novel bead-based dosimetry system was developed. This
approach uses suspended polymethyl methacrylate beads, which experience a
dose-dependent change in fluorescence intensities. The beads were diluted in
deionized water and exposed to low-energy electron irradiation. Afterward, the
beads were analyzed by flow cytometry. The mean fluorescence of these beads
increased with theradiationdoseintherange of 10-50 kGy. Thus, flow cytometric
fluorescence measurements allow dose mapping: the signal of each bead could
be assigned to a corresponding dose. The correlation between the dose and
fluorescence intensity of the beads was previously examined by irradiation using a
high-energy electronbeam. The presented method shows potential for dosimetry
in liquids for quality control in biotechnological or pharmaceutical applications
using low-energy electron irradiation as the method is easy to handle, not limited
to solid-state geometry, and suitable for static and dynamic irradiation setups
of liquids. This novel method provides information about the dose distribution
in the investigated volume of liquid by analyzing individual beads. This provides
information about average, minimum, and maximum dose values, as well their
actual distribution function, which is a big advantage over other methods of liquid
dosimetry, where only the mean value can be obtained.

KEYWORDS

dosimetry, liquid dosimeters, fluorescence, beads, low-energy electron irradiation,
process monitoring

1 Introduction

Low-energy electron irradiation (LEEI) involves the use of electrons with energies
below 300 keV. This technology is characterized by high dose rates, low thermal effects,
and low production of bremsstrahlung [1]. Thus, LEEI is a powerful tool for medical
and biotechnological applications. Recent studies have shown that LEEI can effectively
inactivate pathogens in liquid solution. For instance, viruses such as the influenza A virus,
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Zika virus, and respiratory syncytial virus can be inactivated by LEEI
at 20-25 kGy while maintaining their structure [2-4]. Furthermore,
bacteria such as Escherichia coli were inactivated at a dose of 2.5 kGy.
In addition, LEEI has the potential to inactivate cells to produce
immunotherapeutics [5]. A disadvantage of LEEI is the steep dose
gradient in the irradiated material as the absorbed dose decreases
rapidly with the penetration depth. Due to this factor, a fixed sample
is not irradiated uniformly [6], and dosimetry is challenging.

Dosimeters are mandatory to monitor whether samples are
receiving the required dose. Various dosimeters are available
in the form of solid, liquid, and gas detectors. Solid-state
dosimeters include radiochromic films and alanine films or
tablets, which change their radical concentration, or electrical,
such as semiconductor chips and metal-oxide-semiconductor
field-effect transistors [7, 8]. However, this study focuses on
liquid dosimetry systems. LEEI of liquids requires additional
considerations compared to dosimetry for solids because liquids
exhibit flow behavior. The development of liquid dosimeters is still
a research topic. To date, the gold standard for liquid dosimeters is
the Fricke solution, which is based on radiation-induced oxidation
of ferrous ions to ferric ions but is limited to a maximum dose value
of 400 Gy [9]. Although many liquid dosimeters are radiochromic,
another example of a liquid dosimeter is scintillation detectors.
Scintillation detectors consist of organic or inorganic scintillation
materials, such as crystals or plastics, which are dissolved in a
liquid, and a photodetector, for instance, a photomultiplier [10]. A
disadvantage of such instruments is their high cost.

Another type of dosimeter that changes its optical properties
in response to radiation exposure is luminescent dosimeters. Three
categories of luminescent dosimeters exist: optically stimulated
luminescence dosimeters, thermally stimulated luminescence
[11].
Optically stimulated and thermally stimulated luminescence

dosimeters, and radio photoluminescence dosimeters
dosimeters are primarily storage phosphors, in which radiation
induces a latent signal first. Some of the absorbed energy stored in a
metastable state can be released in the form of a luminescence signal
either by heating or optical stimulation. These related categories
are often made of the same luminescent materials but differ in
their excitation source and readout technique [12, 13]. Although
the luminescence intensity in thermally stimulated and optically
stimulated dosimeters decreases as a function of temperature or
time of optical stimulation, radio photoluminescence dosimeters
display a permanent signal after irradiation [12]. Advantages of
radio photoluminescence dosimeters are the small fading effect
at room temperature, reusability, good dose linearity, and high
reproducibility [14, 15]. Some well-known radio photoluminescence
dosimeters are dosimeter badges, including films, glass dosimeters,
and especially silver-doped glass dosimeters. Others are fluorescence
nuclear track detectors for high-energy particle tracking, which are
mainly in a single-crystal form such as aluminum oxide doped
with carbon and magnesium or lithium fluoride. Many doped
phosphates play a major role in radio photoluminescence dosimetry,
such as materials doped with samarium, silver-doped phosphate
glasses, materials doped with europium, or calcium fluoride [11].
Commercially available are glass dosimeters relying on radio
photoluminescence, which are typically made of silver-activated
phosphate glasses and are useful for lower doses below 500 Gy and
down to 10 u Gy [13]. A common dosimeter is the FD7 glass rod
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with uncertainties regarding the reading process of 5% (1 0), which
can measure up to 1,000 Gy [16]. Furthermore, glass beads with
thermoluminescent response with excellent reproducibility below
1% and uncertainties of about 5% were reported in the literature [17,
18]. However, those dosimeters were up to 3 mm in size and tested
in the low-dose range below 25 Gy using high-energy photons and
gamma rays [17, 18]. New radio photoluminescence materials based
on metal-organic frameworks are found in the research for a dose
range of 0.1 Gy-3.6 kGy [14].

Finally, dosimetry systems that can measure the dose
distribution of liquid setups exposed to low-energy electron beams
at the high-dose range are limited. Moreover, current standard
dosimeters provide an accumulated dose over the exposed path
length, while the dose distribution within a medium remains
unknown. Thus, it has not been possible to measure the maximum
and minimum absorbed dose and the dose distribution within
liquids. This is of interest for the mentioned pharmaceutical
applications and the scope of this study.

We describe a method that is based on dose-dependent
fluorescence signals occurring from suspended beads in water. These
beads allow the dose determination in multiple layers of the liquid,
rather than just an average across the entire thickness of the liquid.
The spherical beads were detected by flow cytometry. The novelty of
this method is this flow-type dosimetry system, which is particularly
suitable for dosimetry of small liquid films or fluids irradiated
with low-energy electron irradiation. Flow cytometers can measure
fluorescence intensities of many small particles (0.5-100 um) in
short time. Liquid samples were collected in a stream traveling
beside a laser source, which can excite the particles. Thereby,
fluorescence intensities at different wavelengths can be detected
in different channels. Furthermore, the scattering properties of
the particles can be measured as an indirect unit of size and
granularity. Flow cytometric software provides statistical evaluation
and visualization of the results in dot plots and histograms. Another
benefit is the differentiation by gating the signals in the scattering dot
plots as it ensures the measurement of the fluorescence signals of the
particles of interest and distinguishes those from other populations
or unwanted content, such as dust or deformed particles. Thereby,
we measured the fluorescence for each bead individually in gates.
After irradiation, we reported a linear gain in fluorescence over a
dose range of 10-50 kGy. This method provided information on
the relative dose distribution in any static and dynamic irradiation
instruments for liquids.

2 Materials and equipment

In this study, different bead dilutions, three different irradiation
instruments, and irradiation setups were used, which are discussed
in this section. The materials are given in Table 1, 2.

2.1 Choice of material

In this study, polymethyl methacrylate (PMMA) beads were
used because such polymer beads are commercially available in
many shapes and sizes, ranging from microspheres in the nanoscale
to hundreds of micrometers. Beads of polymers such as polymethyl
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TABLE 1 List of materials and equipment.

Name Manufacturer (city, country) = Specification
BD Calibrite Beads

(non-labeled)

BD Biosciences Polymethyl methacrylate Beads (¢ 6 um) 1.5-2.5 E7 beads/mL in Stabilized, buffered

(Heidelberg, Germany) saline With 0.1% sodium azide

PMMA-F-KM596 microParticles GmbH Polymethyl methacrylate Beads (o 6 um) In water (10% solid)

(Berlin, Germany)

105 00 005

PolyAn GmbH

(Berlin, Germany)

Polymethyl methacrylate Beads (¢ 5 um) In water (5% solid)

TABLE 2 List of materials and equipment.

Equipment

Irradiation instrument

Manufacturer/facility

Specification

ELV-2 (high-energy electron beam)

Budker Institute of Nuclear Physics
(Novosibirsk, Russia)

Energy: 0.6-1.5 MeV
lmay <4 mA

ELLI300
(low-energy electron beam)

Fraunhofer Institute for Electronics, Electron
Beam, and Plasma Technology, FEP,
(Dresden, Germany)

COMET EBA 300/270 U, = 300 KV Target
material: copper and titanium

REAMODE
(low-energy electron beam)

Fraunhofer Institute for Electron Beam and
Plasma Technology, FEP (Dresden, Germany)

LINAC U5 = 200 kV Copper and titanium
Exit window

Irradiation setup

Engineering, and Automation IPA (Stuttgart,
Germany)

Petri dishes Corning[] Primaria™ Easy grip style Cell culture dish ¢ = 100 mm
(New York, United States)
OPP foil CASFIL (Aves, Portugal) RINCEL[] Coextruded Bi-oriented
polypropylene Film (BOPP) ¢ = 50 mm, t =
48 um
Microfluidic chip Fraunhofer Institute for Manufacturing, 25-um titanium foil

Reference dosimeters

Crosslinking

Crosslinking AB
(Halmstad, Sweden)

Pararosaniline cyanide Dissolved in polyvinyl
Butyral Thickness = 10 um/20 pm Dose range
=5-75kGy

2,3,5-Triphenyltetrazolium

Carl Roth

CoH;5CIN,

Riso B3 film dosimeter

Risp HDRL
(Roskilde, Denmark)

Pararosaniline cyanide Dissolved in polyvinyl
Butyral Thickness = 18 um Dose range =
5-100 kGy

Analysis

FACS Accuri

BD Biosciences
(California, United States)

Aeyx = 488/640nm Standard filters: 533 nm,
585 nm 610 nm, 670 nm

methacrylate are commonly used for quality tests of flow cytometers
and available as transparent unlabeled beads, functionalized beads,
and labeled beads, so they are well-suited for flow cytometry. Due
to the low density of polymethyl methacrylate (1.2 g/cm®), the
material has higher penetration depths for a 200-keV electron beam
than for other materials such as glass (2.635 g/cm3 ) or lithium
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fluoride (2.635 g/cm’), which was simulated by the eSTAR program
(stopping-power and range tables for electrons) at the website of
the National Institute of Standards and Technology. Considering
the density of the materials and the continuous slowing down
approximation (CSDA) range of the 200-keV electron beam, the
penetration depth of PMMA was estimated to be 387.4 um, while
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those in glass and lithium fluoride were 229.3 um and 210.8 pm,
respectively (see Supplementary Material S3). In addition, previous
tests have shown that the distribution of small polymer beads
in water was sufficient, and the risk of sedimentation was less
likely than in more dense materials, such as ceramics. This aspect
was of importance for the handling during the process in the
microfluidic setup.

2.2 Dilution of Becton Dickinson calibrite
beads

In this study, unlabeled PMMA beads with a diameter of 6 um
from the Becton Dickinson (BD) Calibrite™ 2-Beads Kit (Becton,
Dickinson and Company, Heidelberg, Germany) were used. The
beads were suspended in stabilized dilution buffer containing 0.1%
sodium azide (BD Calibrite). One bottle of the Calibrite™ 2-
Beads Kit contains 2.7 mL bead suspension with 1.5710” —2.5110’
of unstained beads per milliliter. The kit also provides different
bead suspensions labeled with fluorescence markers: fluorescein
isothiocyanate (FITC) and phycoerythrin (PE). However, these
beads were not used as previous tests showed that the labels were
not stable under irradiation.

For initial high-energy experiments, two drops of bead
suspension (approximately 40 pL) were added to 2 mL of the flow
solution for fluorescence-activated cell sorting (FACS). The beads
were gently vortexed, stored in the refrigerator, and protected from
direct sunlight, as recommended in the instructions for use.

To reduce costs and improve the efficiency of the dosimetry
system, the bead suspensions were further diluted in deionized
water. Previous experiments have shown that the highest feasible
dilution is 1:200 (v:v, bead suspension to deionized water), which
corresponds to an average bead count of 7110* per mL on average.
For the experiments at low-energy electron irradiation, equipment
ELLI300 (300 keV) using a microfluidic setup a dilution of 1:50 (v:v,
bead suspension to deionized water) with approximately 2.8110° per
mL on average was prepared. Here, 1 mL of the BD bead suspensions
was approximately 117 €. The beads were stored for 1day in a
refrigerator at approximately 4°C and transported for 2-3h at
room temperature, protected from light, prior to the irradiation
experiment.

2.3 Dilution of other polymer beads

For a comparable study, beads made of polymethyl methacrylate
purchased from other manufacturers were studied as well:
microspheres of 6-um diameter (microParticles GmbH, Berlin,
Germany) in the aqueous solution with a solid content of 10%
and microspheres of 5-um diameter in the aqueous solution
with a solid content of 5% (PolyAn GmbH, Berlin, Germany).
In order to obtain counts of beads comparable to the previous
beads, those beads were diluted with concentrations of 1:10,268
and 1:9,600 (v:v, bead suspension to deionized water). The costs
of the beads used for this experiment were approximately 35
€ for the beads from microParticles GmbH and 20 € for the
beads from PolyAn GmbH. These costs refer to 1 mL each,
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which was used for this experiment. One package was purchased for
350 € and 200 €, which is enough for 10 experiments each.

2.4 High-energy electron irradiation
equipment for calibration

To assign the fluorescence signals of the polymer beads to
certain dose values, the bead suspensions were irradiated using a
high-energy electron beam (1.5 MeV). Compared to LEEI, high-
energy electron irradiation ensures a more homogeneous dose
distribution with a minor dose gradient [19]. Therefore, the dose
can be assigned to the fluorescence response. In this experiment,
the high-energy irradiator ELV-2 at the Leibniz Institute of Polymer
Research Dresden was used.

A static setup of Petri dishes (¢ 100 mm) was used, where the
dilutions were covered with round foils of orientated polypropylene
(OPP), each with a diameter of 50 mm and a thickness of 48 pum. This
resulted in a thin liquid film of less than 30 um. These Petri dishes
were covered with a plastic bag (approximately 88 g/m?).

An integrating radiochromic film dosimeter (Crosslinking AB
Halmstad, Sweden) was used to measure the reference dose.

2.5 Low-energy electron irradiation
equipment for cumulative irradiation

In order to test whether the beads were dependent on the
absorbed dose or on other effects, such as dose rate, the bead
suspensions (1:2) were irradiated using the LEEI instrument
REAMODE (200 keV).

The liquid samples were irradiated in a small-scale setup using
Petri dishes [6].

The dose was measured using the reference film dosimeter Riso B3
(DTU Health Tech, Denmark).

2.6 Low-energy electron irradiation
equipment for the evaluation of dose
distribution

The bead suspensions (1:200) were irradiated in a custom-built
LEEI instrument (ELLI300) located at the Fraunhofer Institute for
Cell Therapy and Immunology (IZI) in Leipzig, which was designed
for the electron beam treatment of liquids at energies up to 300 keV.

The highly diluted bead suspensions were transported through
a microfluidic chip, designed by the Fraunhofer Institute for
Manufacturing Engineering and Automation (IPA). The chip had
eight parallel channels and was covered with a 25-um titanium
foil, which was placed at a distance of 45 mm under the electron
exit window [20].

The mean dose to the processed liquid was determined in
a previous experiment using a liquid dosimeter based on 2,3,5-
triphenyltetrazolium chloride, as described by [3, 6]. This liquid
dosimeter was subjected to a radiation-induced reaction with
formazan, characterized by a red coloration of the solution and an
increase in the absorbance peak at 485 nm. Previous experiments
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have shown that the coloration of 2,3,5-triphenyltetrazolium
chloride is independent of the dose rate, increasing the dose via the
beam current.

3 Methods
3.1 Flow cytometry and analysis

Flow cytometry is a technique used in cell biology laboratories
to count and characterize cells or other microbiological organisms.
It can be used to count and analyze single particles with diameters of
a few micrometers. Liquid samples containing cells or particles pass
through a fluidic system where the particles are aligned and passed
through a laser beam, with one particle at a time. The laser light
scattered by each particle is detected. By measuring the intensity and
direction of the light, the size and internal complexity of the cell
or particle can be determined. Flow cytometers measure forward
scatter (FSC)—a relative unit of size—and sideward scatter (SSC),
a relative unit of granularity. Using flow cytometry software, the
scatter of multiple cells or particles can be visualized in scatter dot
plots with FSC and SSC values on the axis. Particles of similar
size and shape appear as clouds in the scatter dot plots and can
be distinguished from other possible particles in the samples or
contaminants. In addition, the scattered fluorescence intensity of
each particle can be measured either in the hole sample or for
particles with specific scattering characteristics. Before measuring
fluorescence intensities, the cloud in the scatter dot plots can be
selected, called gating. This ensures that only the fluorescence
intensities of a region of interest are included in the analysis.
Fluorescence intensities can be measured in different channels at
specific emission wavelengths [21].

In this study, single-particle analysis was performed on the BD
Accuri C6 Plus Flow Cytometer (Becton, Dickinson and Company,
California, United States) using BD Accuri C6 Plus software. First,
scatter dot plots were recorded to identify the 6-um-diameter beads
and gated. The percentage of particles within the gates was recorded.
The fluorescence intensities of the beads from the gates were detected
in the so-called FITC channel, named after a green fluorochrome,
with a fixed emission wavelength of 533 nm. The measurements of
each sample took approximately 10 min.

After high-energy electron irradiation, we established a
calibration curve from the mean fluorescence values at 533 nm
(FITC-A), measured within the gates of the scatter dot plots. We
marked the regions of interest of 0 kGy, 10 kGy, 30 kGy, and 50 kGy
in the histograms.

3.2 lrradiation

3.2.1 High-energy electron irradiation

Batches of 230 pL were pipetted into the Petri dish setup and
irradiated at 10 kGy, 30 kGy, and 50 kGy. A reference sample was
also analyzed and transferred in this setup, but it was not irradiated
(0 kGy). The dose was varied by the beam current, which determines
the dose rate under the beam, the transport velocity for a defined
passage of the samples under the beam, which affects the duration
of a single irradiation cycle, and the total number of runs (see
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parameters given in Table 3). The dose rates D were estimated
from the given dose D per run under the electron beam, length
y, and transport velocity v. The length y was estimated from the
normalized distribution of the beam intensity in [22]. Therefore, a
region of 95.4% dose was chosen. This estimation yielded dose rates
0f 0.55110° Gy/s for 10 kGy and 1.09110° Gy/s for 30 kGy and 50 kGy.

: -V
D=DI-. 1
y 1)

3.2.2 Cumulative irradiation at low energy to test
the dose linearity of fluorescence intensities

In order to test dose dependency, the samples were irradiated
in the REAMODE with constant parameters (Table 3) but different
numbers of runs. This method was used to accumulate the dose.
Two samples were irradiated for each dose, and each sample was
measured three times so that the average signal was calculated
from six values. The reference film dosimeter was irradiated
simultaneously. The mean dose rate per sample was estimated to be
1.73110° Gy/s. This was calculated using Equation 1.

3.2.3 Low-energy electron irradiation in a
microfluidic chip

For each dose, 5 mL of the bead suspension was transported
through the microfluidic chip. To increase the dose, the beam
current was increased, while all other parameters were kept
constant (see parameters given in Table 3). The beam current was
varied from 0.30 mA to 1.25 mA, yielding mean dose values from
5 kGy to 30 kGy.

The dose rates were estimated to range from 0.28710° Gy/s to
12.2710° Gyl/s, as given in Equation 2. Here, D refers to the dose
measured by the liquid dosimeter, 0 determines the cross section of
the channels in the microfluidic channel perpendicular to the flow,
| is the length of the channels under the electron exit window, and
® is the volume flow, which was calculated from the overall sample
volume Vg, of 5 mL and the time of process t of 21 s.

Vsample

5=D:2 with o= s 2)

all
The experiment was performed in duplicate. The same
irradiation setup and procedure were used for the irradiation of

the alternative polymer beads (microParticles GmbH and PolyAn
GmbH, Berlin, Germany).

3.3 Evaluation of dose distribution

The response curve fit obtained from high-energy electron
irradiation was used to calculate the fluorescence intensities
(FITC-A,) for smaller dose intervals: 5kGy, 10 kGy, 20 kGy,
30 kGy, 40 kGy, and 50 kGy.

The lower borders (FITC—Auer border) @and upper borders
(FITC = Aypper border) for the fluorescence intensities of each dose
interval were calculated by subtracting (lower borders) and adding
(upper borders) the product of mean of the coefficients of
variation (CVea,) of the fluorescence intensities and FITC—
Az (Equation 3).

FITC- Alower border = FITC- Acalc - (CVmean [FITC- Acalc) ;

; (3)
FITC- Aupper border = FITC = Agge + (Cvmean [FITC- Acalc) :
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TABLE 3 Parameters and dose values of high-energy electron irradiation
at the Leibniz Institute of Polymer Research Dresden, the low-energy
electron irradiation in the microfluidic chip of the ELLI300 instrument in
Leipzig, and low-energy electron irradiation REAMODE instrument at
Fraunhofer FEP in Dresden.

High-energy electron irradiation at ELV-2

1.5 MeV acceleration voltage

75 Hz scan frequency

20-cm distance to the titanium exit window

Transport Number of runs
velocity v

[mm/s]

D [kGy]

Low-energy electron irradiation at ELLI300 in the
microfluidic chip

10.3389/fphy.2024.1490048

TABLE 4 Beam current I, minimum, maximum, and mean dose values
estimated from the fluorescence measurements of the beads, reference
dose D, estimated from the radiochromic liquid dosimeter based on
2,3,5-triphenyltetrazolium chloride.

I ImA] Dmin Dmax Dmean DRef
&Y [kGy] [kGy] [kGyl
0.00 0.89 25 1.7 0
0.00 0.69 24 1.5 0
0.30 1.8 6.7 4.2 53
0.30 2.0 5.8 39
0.50 1.9 12 7.0 12
0.50 6.5 18 12
0.75 6.4 19 13 18
0.75 6.5 18 12
0.90 10 24 17 22
0.90 7.5 27 17
1.00 11 28 19 25
1.00 11 30 20
1.25 14 29 22 30
1.25 12 33 23

300 kV acceleration voltage
57 mm/s conveyor speed
45-mm distance to the electron exit window (air gap)
| [mA] | D KGy] |
0.00 0.0
0.30 53
0.50 12
0.75 18
0.90 22
1.00 25
1.25 30

200 keV acceleration voltage

Low-energy electron irradiation at REAMODE

155 mm/s conveyor speed

45-cm distance to the titanium exit window

| [mA] Number of runs D [kGy] ‘
15 2 10
15 4 20
15 6 30

Those new regions of interest were saved in the flow cytometric
software program. The fluorescence intensities in the FITC-A
channel after LEEI in the microfluidic chip were counted and
allocated to the regions of interest. The results were visualized
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in bar diagrams with the amounts of particles in the y-axis and
the allocation to the theoretical dose peak in the X-axis. This was
performed for the different irradiated samples referring to the mean
reference dose values.

To determine minimum and maximum fluorescence intensities
(FITC-A), the standard deviation (SSD) was subtracted or added
from the mean fluorescence intensity (FITC—Ay,n). The SSD
was calculated from the coefficient of variation (CV) and mean
fluorescence intensity (Equation 4), which were calculated using
flow cytometry software from the single events. Finally, the
minimum and maximum doses were derived from the response
function. The doses were determined as 185, as shown in Table 4.

SSD = CVIFITC — Apean- (4)

3.4 Accuracy of the liquid reference
dosimeter

Before 2,3,5-triphenyltetrazolium chloride was used as a
liquid reference dosimeter in the microfluidic chip, its dose
rate dependence was tested at the low-energy electron irradiator
REAMODE at Fraunhofer FEP. In two experiments, the dosimeter
was irradiated with two constant beam currents of 3 mA and 0.6 mA,
while the dose was varied via the conveyor speed. Those parameters
yielded estimated constant mean dose rates of 3,870 Gy/s and
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713 Gy/s. In two further experiments, the liquid dosimeter samples
were irradiated at a constant conveyor speed, but the dose was varied
by increasing the beam current and dose rate (approximately from
392 Gy/s to 4,068 Gy/s). The change in absorbance was calculated by
subtracting the absorbance before irradiation from the absorbance
after exposure.

3.5 Statistics and uncertainty budget

From the FITC channel, the fluorescence spectra were generated,
and the mean fluorescence intensity (FITC — Ayjean) and its CV were
calculated during counting using the software program from the
measurements of the single-fluorescence intensities (FITC — A;) of
each particles flowing through the laser (Equation 5).

cv= SSD

i
= ] 0, i :\/ A - - 2
FTC oA 100%WithSSD =V 5 (FITC A ~FITC~ Ayeer)”.

k=1
(5)

Then, the areas in the spectra could be assigned to dose values.
We established an uncertainty budget according to the CIRM
29 guidelines for calibration [23]. Components of uncertainties
of the calibration of the bead-based dosimeter by irradiation at
high energies were identified and assigned to the uncertainties of
types A and B.

3.5.1 Uncertainty of the irradiation facility

The combined uncertainty (U.) of the irradiation facility was
calculated from the sum of the components of uncertainty (u;) of the
beam current, beam voltage, conveyor speed, beam field uniformity,
and dose gradient using Equation 6.

U =V (u)” (6)

3.5.2 Uncertainty of the liquid bead dosimeter
The uncertainty of the bead-based dosimeter was calculated
as a combined uncertainty (Equation 6) of the uncertainty of
the thickness of the liquid film and the variation in the initial
fluorescence intensity. The uncertainty of the thickness of the liquid
film was estimated as the type B uncertainty, given by the pipetting
uncertainty of the systematic and random error of the Eppendorf
pipettes given in the manual. The standard uncertainty of type B
(usq(Type  B)) is calculated by Equation 7 [23].
Ui
Usa (Type  B) = —=. 7)
3
The uncertainty of the initial fluorescence intensity was
calculated as a sum of squares from the CV's of the mean fluorescence
intensities at 0 kGy, 10 kGy, 30 kGy, and 50 kGy.

3.5.3 Uncertainty of flow cytometry

The uncertainty of flow cytometry was estimated from the
maximal fluorescence precision of the cytometer, which was
provided by the manufacturer.
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3.5.4 Uncertainty of the calibration curve

The uncertainty of calibration fitting was estimated from
the dosimeter-to-dosimeter scatter (Equation 8). Therefore, the
uncertainty was calculated from the sum of squares of the residuals,
calculated as in Equation 9, divided by the number of dosimeters ny
and subtracted by the number of coefficients of the fit n.. The latter
had a value of 1 as it was a linear fit.

residuals?
u= \/Z—Y (8)

Ng —N¢

. D, = Dgelivered -
residuals [%] - calculated delivered 1100.

©)

Ddelivered

4 Results
4.1 Gating of the beads

The main clouds above 1,000.000 FSC and approximately
2,000.000 SSC appeared in the scatter plots (Figure 1). Beads that
were detected in a specific area marked with black circles were gated.
In the dot plots of the unirradiated reference samples, approximately
74% (Figure 1A) of all events counted was assigned to that gate.
The gate remained valid after irradiation with 10 kGy (Figure 1B)
and 30 kGy (Figure 1C) as the main cloud appeared in this area.
This indicated that the shape and size of the beads were not altered
by irradiation. However, the number of beads detected in the gate
decreased after exposure to a dose of 50 kGy, where less than 51%
beads were detected in the gate (Figure 1D).

4.2 Impact of irradiation on fluorescence

The irradiation of the beads with defined dose values by the
high-energy irradiation plant caused an impact on the fluorescence
intensities. The histogram of the non-irradiated reference sample,
which only recognized the counts of the previously defined gate
(E1), showed a defined peak at the mean fluorescence intensity
(at 533/30 nm) of 616 FTIC-A (Table 5), which is highlighted
in green in Figure 2. A total of 98.8% of the counts detected in
the gate was located in this green peak. An amount of 0.5% of the
counts showed a higher fluorescence signal, while the remaining
count may have weaker fluorescence. This indicates the presence of
noise particles.

When comparing the samples irradiated with three different
dose values (10 kGy, 30 kGy, and 50 kGy), we observed a shift
toward areas of higher fluorescence intensity (Figure 2). The mean
fluorescence increased with the dose. After exposure to 10 kGy
(red peak), the mean fluorescence was twice as high as the mean
signals of the reference sample; after 30 kGy (blue peak) and 50 kGy
(yellow peak), it further increased (see also Table 5). The coefficient
of variation, which was obtained using BD Accuri C6 Plus Analysis
software, determines the width of the peaks. The coefficient of
variation was used to calculate the standard deviations (Table 5).

The mean fluorescence intensities at 533 nm within the gating
for each dose (Table 5) were fitted with a linear function from
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FIGURE 1

gate in percentage.

Scatter plots of beads from BD Biosciences with forward scatter (FSC-A) on the x-axis and sideward scatter (SSC-A) on the y-axis of the reference
samples after irradiation with the MeV irradiation plant. (A) Non-irradiated reference sample. (B) 10 kGy. (C) 30 kGy. (D) 50 kGy. Amount of beads in the

0 to 50 kGy. The single-fluorescence intensities (n = 1,000) are
plotted in Figure 3. A dose calibration function was derived from
the linear function of the mean FITC-A (the dose response) and the
reference dose measured using the Crosslinking dosimeter.

4.3 Dose linearity of fluorescence
intensities by cumulative irradiation

The fluorescence intensities of the beads increased linearly with
the dose applied (Figure 4), although the dose rate was constant.
This indicated that the dose, rather than the dose rate, induced the
response of the dosimeter.
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4.4 Evaluation using low-energy electron
irradiation in a microfluidic chip

The fluorescence intensities (FITC-A) increased linearly over
a dose range between 0 and 30kGy (Figure 5). However, the
fluorescence intensity values were widespread, and those at the
higher dose levels overlap with those at lower doses.

In order to perform dose mapping within the microfluidic
chip, the fluorescence intensities were mapped to dose regions
of interest of 0kGy, 5kGy, 10kGy, 20kGy, 30kGy, 40kGy,
and 50 kGy (Table 6).

After radiation exposure of 5kGy (mean dose measured by
2,3,5-triphenyltetrazolium chloride), proportions of 25% of the
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TABLE 5 Dose and mean fluorescence (FITC-A) with the standard
deviation (SD) and coefficient of variation (CV).

Dose  MeanFITC-A  SDFITC-A | CV FITC-A [%]

0 kGy 616 89.14 14.47

10 kGy 1,286 148.9 11.58

30 kGy 3,260 347.8 10.67

50 kGy 5,848 1,109 18.96
FIGURE 2
Fluorescence histograms of beads from BD Biosciences before (green
peak) and after high-energy electron irradiation at 10 kGy (red peak),
30 kGy (blue peak), and 50 kGy (yellow peak) generated using FlowJo
software; fluorescence intensities at 533 nm (FITC-A) are given on the
x-axis, and particle counts are given on the y-axis.

beads had fluorescence values correlating with 5 kGy, while large
quantities did not receive a dose, and a minor amount received
10 kGy (Table 6). Although the dose obtained from the reference
dosimeter was 12 kGy, the dose was mainly distributed within the
5-kGy area, with approximately 45% and 20% assigned to 10 kGy
(Table 6). A majority of the beads (40%) were allocated to the 20-
kGy region of interest if a dose of 22 kGy was applied (Table 6).
After irradiation with a mean reference dose of 30 kGy, the dose
distribution was mainly located at 20 kGy, and about 20% received
a dose of approximately 30 kGy. Particles were found in the 50-
kGy allocation as well (Table 6). The dose distribution of the second
run was slightly different from that of the first run (compare upper
rows of Table 6 and lower rows of Table 6). The deviation of the
fluorescence intensities was 10% at doses up to 30 kGy and 18% for a
dose of 50 kGy. This also indicates that the beads in the upper liquid
layers receive higher doses, and those in the lower layers receive
lower doses due to the steep dose gradient. The dose gradient of the
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FIGURE 3
Linearity between single-fluorescence intensities (n = 1,000),

measured at 533 nm (FITC-A), on the y-axis and the reference dose in
kGy on the x-axis.

FIGURE 4
Cumulative irradiation of beads from BD Biosciences. Fluorescence

(mean FITC-A) on the y-axis and mean reference dose on the x-axis
after low-energy electron irradiation at REAMODE.

low-energy electrons within the 200-um microfluidic channels was
estimated to be 5% (Supplementary Material S1).

4.5 Impact of irradiation on fluorescence
on alternative polymer beads

Other than the beads from BD, the fluorescence intensities
of polymethyl methacrylate beads purchased from two
other companies (microParticles GmbH and PolyAn) did
not increase (Figure 6). For those beads, no impact of the irradiation
on fluorescence was found.
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FIGURE 5

Single-fluorescence intensities of beads from BD Biosciences
measured at 533 nm (FITC-A) of 1,000 events on the y-axis and
reference dose, measured using a liquid dosimeter based on
triphenyltetrazolium chloride in kGy, on the x-axis; mean fluorescence
intensities marked by black horizontal bars.

4.6 Accuracy of the liquid reference
dosimeter

The change in the absorbance of the liquid dosimeter 2,3,5-
triphenyltetrazolium chloride increased linearly in a dose range of
5 kGy-30 kGy of low-energy electron irradiation in the REAMODE.
The dosimeter was best suited for this range, and we chose it
as the reference dosimeter for the subsequent irradiation in the
microfluidic chip at low energy. The linear dose dependence is the
same for all investigated currents and, thus, independent of the dose
rate. Accordingly, dose rate effects play a minor role up to 30 kGy.

4.7 Uncertainty budget of the calibration at
high energy

The uncertainty budget (Table 7) of the experiments at the MeV
electron beam instrument was established from components of each
step: the calibration of the reference dosimeter, irradiation facility,
liquid bead dosimeter, measurements obtained by flow cytometry,
and calibration of the bead-based dosimeter.

4.7.1 Calibration of the reference dosimeter
The uncertainty of the reference film dosimeters was
taken as 5%.

4.7.2 Irradiation facility

Uncertainties regarding the irradiation facility included the dose
gradient and the acceleration voltage of the electron accelerator.
Another component of uncertainties was the dose gradient,
which could be estimated from the uncertainty due to the beam
current. Other components were the beam inhomogeneity, dose
gradient, and conveyor speed. The combined uncertainty of these

Frontiers in Physics

10

10.3389/fphy.2024.1490048

components was estimated to be 3.3%. However, the temperature
during irradiation was a type-B uncertainty component, but it was
neglected.

4.7.3 Uncertainty of the liquid bead dosimeter

The uncertainty of the liquid bead dosimeter was calculated
from the liquid film thickness and the variation in the fluorescence
signal (FITC-A) measured by the flow cytometer. The component
of film thickness was due to pipetting and was 0.45% (k = V3;
rectangular distribution). The standard uncertainty of the
fluorescence signal was assumed to be 29% in total. This was
calculated from the sum of squares of each CV of the FITC-A value
provided by flow cytometer software (uncertainty of type A).

4.74 Flow cytometry

The measurement of the beads by flow cytometry was also a
contributor to the uncertainty budget. Here, the maximum precision
of the fluorescence measurement was reported as 3.0%, which
corresponds to an uncertainty of type B. Other uncertainties might
include the Gaussian intensity profile of laser excitation, which
might lead to different rates of excitation of the beads, or Rayleigh
and Raman scattering of the solvent [24, 25]. However, these
uncertainties were neglected in the uncertainty budget.

4.7.5 Uncertainty of the calibration curve

Finally, the uncertainty of the calibration curve was estimated
to be 12.2% (k = 1) from the curve fitting. The combined standard
uncertainty (k = 1) was 31% in total (Table 7).

5 Discussion

In this study, we demonstrated the applicability of our method
to determine the relative dose distribution in a dynamic irradiation
instrument by diluted polymer beads and flow cytometric
measurements. A linear calibration function was found by high-
energy irradiation in a static setup of Petri dishes in the dose range
of 10-50 kGy. The calibration function was used to estimate the
mean doses and minimum and maximum dose values in a dynamic
microfluidic module for LEEI. Furthermore, it was possible to assign
the amounts of beads to specific dose levels up to 50 kGy. The beads
were also tested at a constant dose rate in the REAMODE, and a
linear response to the absorbed dose was demonstrated. Beads of
other suppliers made of polymethyl methacrylate with similar size
were tested but did not show the same functionality.

The dot plots of the reference samples and the samples, which
were irradiated using the high-energy electron beam, showed
particles outside the gates. These could be small impurities. The
amount of those detected outside the gate seemed to increase with
high dose, which could be an indication of damage to the beads
due to the radiation. This was observed in the samples of after
irradiation in the two LEEI facilities as well. There is the risk that
the beads agglomerate. Agglomerated beads or worse distribution
may affect the deep dose distribution and penetration depths of the
electrons. However, this effect can be neglected because previous
light microscopy studies (two drops of bead suspension in 2 mL of
FACS flow solution) showed low agglomeration before irradiation
in any setup. It was assumed that agglomeration is even less likely
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TABLE 6 Dose distribution of beads from BD Biosciences irradiated with the low-energy electron beam in a microfluidic chip: 0 kGy, 5 kGy, 12 kGy,
22 kGy, and 30 kGy. Relative count of beads allocated to the dose peaks (0 kGy, 5 kGy, 10 kGy, 20 kGy, 30 kGy, 40 kGy, and 50 kGy) in percentage. The

dose was varied via the beam current.

Particle count at the dose peak [%]

0 kGy 5 kGy 10 kGy 20 kGy 30 kGy 40 kGy
First run
0 kGy 52.00 0.00 0.00 0.00 0.00 0.00 0.00
5kGy 32.00 26.00 4.00 0.00 0.00 0.00 0.00
12 kGy 4.17 43.75 22.92 2.08 0.00 2.08 0.00
22 kGy 2.00 2.00 12.00 40.00 14.00 4.00 0.00
30 kGy 0.00 0.00 2.00 40.00 20.00 10.00 2.00
Second run
0 kGy 50.10 0.00 0.00 0.00 0.00 0.00 0.00
5kGy 29.52 28.72 6.23 0.20 0.00 0.00 0.00
12 kGy 0.60 4.42 39.96 15.46 3.61 0.60 0.00
22 kGy 1.41 221 7.83 41.17 10.04 4.02 1.00
30 kGy 0.00 0.60 2.19 3347 21.12 11.55 4.38
FIGURE 6
Single-fluorescence intensities measured at 533 nm on the y-axis, and reference dose, measured using a liquid dosimeter based on
triphenyltetrazolium chloride in kGy, on the x-axis; mean fluorescence intensities marked by black horizontal bars. (A) Polymethyl methacrylate beads
from microParticles GmbH. (B) Polymethyl methacrylate beads from PolyAn.

with higher dilution, which was used in the microfluidic chip. In
addition, agglomerated beads were not considered in the analysis
by flow cytometry. The flow cytometer filters odd particles that
are not spherical, and the gating in the scatter dot plots ensured
the fluorescence measurements at defined sizes. Regarding the tests
of the calibrated beads in the microfluidic chip at low energy, it
should be noted that the dose rate and stopping power were different.
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While the stopping power in water with polymethyl methacrylate
(<1%) of the 300-keV electron beam was 2.36 MeV cm?/g, it
was 1.84 MeV cm?/g for the 1.5-MeV electron beam. The stopping
power of the low-energy irradiation was approximately 28% higher
(Supplementary Material S2). Furthermore, the dose gradient of
low-energy irradiation was steeper. This effect was minimized by
the chip design with channels less than 200-um thick. Water was
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TABLE 7 Uncertainty budget of the calibration of the bead-based dosimeter with standard uncertainties, divisors k, sensitivity factors c, combined

uncertainties, and expanded uncertainties.

Component ’ Value [%] k C Uncertainty [%] Type
Calibration reference dosimeter 5.0 2 1 2.5 B
Irradiation facility

Beam current 2.5 V3 1 1.4 B
Beam voltage 0.53 V3 1 0.31 B
Conveyor speed 0.60 V3 1 0.35 B
Beam homogeneity 5.0 V3 1 29 B
Dose gradient (within liquid) 0.02 V3 1 0.01 B
Combined 33

Bead dosimeter

Thickness of the liquid film 0.78 V3 1 0.45 B
CV fluorescence intensity 29 1 1 29 A
Combined 29

Flow cytometry

Precision of fluorescence 3.0 V3 1 1.7 B
Calibration

Curve fitting 12 1 1 12 A
Total [%] 31

Expanded (k = 2) [%] 63

assumed to have its maximum dose within the fluidic channels, and a
dose gradient of 2.28% was estimated (compare the theoretical dose
depth in Supplementary Material S1). However, it may be possible
that some energy reaches the liquid dosimeters before reaching
the channels, which would result in the overestimation of the dose
rates. Another difference between the irradiation with the low-
energy electron beam in the microfluidic chip and the high-energy
electron irradiation in Petri dishes is the required dilution of the
bead suspension to obtain larger volumes. Although up to 9,500
beads per sample were measured after high-energy irradiation, the
number of beads measured per sample was set to 50 after LEEI using
ELLI300. Uncertainties in irradiation at low energy can affect the
results. These include the accuracy of the liquid reference dosimeter,
which is not as accurate as high-standard dosimeters, and the beam
homogeneity. The dose distributions between 10 kGy and 30 kGy,
30 kGy and 50 kGy, and above have not been investigated yet. The
number of beads detected in the scattering plots decreased after
exposure to a dose of 50 kGy. This could be explained as some beads
might degrade due to the high dose. For a more detailed statistical
analysis and reduction in uncertainties, the sample size and the
number of replicates could be increased. It should be mentioned
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that other beads made of polymethyl methacrylate have not worked
as dosimeters, and it is known from the literature that polymethyl
methacrylate has a relatively weak autofluorescence [26], and the
autofluorescence depends on the fabrication process [27]. The exact
working mechanism of the bead-based dosimeter has not yet been
determined.

The uncertainty budget in this study determined an overall
uncertainty of the mean dose values of 31% (k = 1), which was
mainly due to the coefficient of variation of the fluorescence
intensities with 29%. Another major component was the fit of
the calibration function of 12%. However, this could be further
improved by recognizing more dose points, as recommended by
[23]. In the literature, uncertainties of commercial luminescence
dosimeters were described with 5%, for example, glass beads
with radiophotoluminescent or thermoluminescent signals [16,
28]. Other dosimeters, such as thermoluminescent materials, for
instance, lithium fluoride, have uncertainties of 10% [29]. For some
applications and luminescent dosimeters, the reproducibility could
even be below 1%, but the precision and accuracy rely on a range of
different factors, including the reading process [12]. Furthermore,
the size and shape of the dosimeter have an impact on its

frontiersin.org


https://doi.org/10.3389/fphy.2024.1490048
https://www.frontiersin.org/journals/physics
https://www.frontiersin.org

Besecke et al.

performance. Nevertheless, the radiation response was not saturated
at 30 kGy as it is the case for common thermoluminescent phosphors
[30] and radio photoluminescent glass beads, for instance [16]. On
the whole, with this study, a proof-of-concept of a novel flowing-
type liquid dosimetry system, which was the determination of dose
distribution of low-energy electron irradiation of liquids at high
dose, was shown.

6 Conclusion

In conclusion, the liquid dosimeter based on suspended
beads made of polymethyl methacrylate showed an increase in
fluorescence intensity within 10 kGy-50 kGy. The linear dose
response was found after irradiation by high-energy electron
irradiation. The dosimeter system using flow cytometry, which
provides dose measurements of each single bead, was tested in a
microfluidic setup using low-energy electron irradiation. A dose
distribution including minimal, maximal, and mean dose values
was found. This new technique for determining dose distribution
in liquids is based on measuring the radiation response of each
particle in a sample and calculating the dose individually. The dose
and dose rate dependence of the beads were tested as well, and a
minor dependence on the dose rate was found. Advantages for using
polymers can be formed in very small beads in the micrometer
scale, so they can be used for microfluidic applications, and they
are suitable for low-energy electron irradiation due to low-density
polymer beads. In addition, polymer beads were distributed well in
the liquids and less likely to sediment like more dense materials, such
as glasses or ceramics, which is an advantage for their handling and
processing. The use of flow cytometry allowed fast measurements
and gating of the beads from their scattering properties, which
would allow measurements of samples containing other populations.
Although uncertainty could be further improved, the bead-
based dosimeter showed the best performance for quality control
within the 10 kGy-30-kGy mean dose for biotechnological or
pharmaceutical applications.

In further improvements, it is desirable to recognize the
geometrical location of such beads to perform spatially resolved
dose mapping, which was not possible with the proposed
analysis yet.
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